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ABSTRACT 
 DNA replication is one the most important and complex systems in biology. In this 
dissertation, we first started from ensemble experiments, studying the clamp (PCNA) and the 
clamp loader (RFC) from the mesophilic archaeon Methanosarcina acetivorans, and then moved 
to the single-molecule level trying to reconstitute the DNA replication machinery protein by 
protein.  
 In the first study, by developing a real-time fluorescence assay, we discovered that RFC 
can assemble a PCNA ring from monomers in solution. A motion-based DNA polymerization 
assay showed that the PCNA assembled by RFC is functional. This PCNA assembly activity 
required the ATP-bound conformation of RFC. Our work demonstrated a reverse-chaperoning 
activity for an AAA+ protein that can act as a template for the assembly of another protein 
complex. 
 In the second study, by applying fluorescence resonance energy transfer (FRET) to the 
archaeal replication, we reconstituted part of replication machine, up to four different protein 
components, at the single-molecule level. We developed a surface-based assay where the loading 
of the PCNA to the DNA by the RFC was visualized in real time. We discovered an intermediate 
step likely due to ATP hydrolysis by RFC before PCNA was released on the DNA. Although 
PCNA itself was not stable as a trimeric ring, once loaded, PCNA remained stably associated 
with the DNA for hours, allowing us to investigate the subsequent reactions. We found that 
PCNA prefers to stay near the primer/template junction but still diffuses on both double and 
single stranded DNA. This is only the second example of direct observation of protein diffusion 
on single stranded DNA. Diffusion on the single strand, however, is two orders of magnitude 
slower than on double stranded DNA, and is prevented by cognate single strand binding protein. 
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By adding the DNA polymerase to the loaded clamp, we could follow DNA synthesis by the 
polymerase-clamp complex by visualizing the motion of the clamp downstream. Interestingly, 
PCNA frequently slipped back or paused during synthesis, suggesting that spontaneous diffusion 
of PCNA or its complex with the polymerase is an integral feature even during polymerization.  
In the last chapter and appendices, some additional works regarding new instrument 
development and statistical algorithms for programming are also included. 
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CHAPTER 1: Introduction 
 1.1 Single-Molecule FRET Study 
The application of single-molecule technique was first achieved in the condensed phase 
by Lothar Kador and W. E. Moerner (1)  in the late of 1980s. During last two decades, single- 
molecule technique had been successfully applied in various biological systems to investigate the 
details of life. The exponential increase of the number of biological applications has indicated its 
significant contribution to the whole scientific field (2) (Fig. 1.1). Single-molecule FRET 
(Föster/Fluorescence Resonance Energy Transfer), first introduced in 1996 (3), is one of the 
most popular single-molecule fluorescence methods among all the techniques (4, 5).  
 
1.1.1 FRET 
Föster/Fluorescence Resonance Energy Transfer, abbreviated as FRET, is a mechanism 
to describe the energy transfer between two chromophores. By taking advantage of the near filed 
communication (radius of interaction much smaller than the wavelength of light emitted), an 
excited donor chromophore could non-radiatively transfer the excitation energy to the receiving 
chromophore, acceptor. The probability of energy transferred between two chromophores is 
defined as the FRET efficiency, which can be expressed as   
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Where r is the distance between two chromophores, and Ro is the Föster distance of the 
chromophore pair, which reflects the local environment of the chromophore pairs, different from 
case to case. From the formula, we can find that FRET efficiency monotonically decreases as the 
distance between donor and acceptor increases (Fig. 1.2A) (6). According to the quantum 
electrodynamical calculations, we have 
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Here, Qo is the fluorescence quantum yield of the donor chromophore in the absence of acceptor 
chromophore; 2  is the dipole orientation factor; n is the reflective index of the medium; NA is 
the Avogadro constant (6.02×10
23/mol); J depends on the overlap of donor’s emission spectrum 
and acceptor’s absorption spectrum as following: 
              
4( ) ( )D AJ f d       
Where Df  is the normalized donor spectrum and A  is the extinction coefficient of acceptor (7). 
In practice, FRET efficiency is usually roughly calculated by the ratio of acceptor intensity 
divided by the total intensity for convenience, 
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Cyanine and Alexa Fluor dyes are the most wildly used commercial available 
fluorescence families in single-molecule FRET studies (Fig. 1.3). Compare with other 
fluorophores, such as qantum dots and fluorescent proteins, they have relatively smaller size and 
their emission is more steady. In addition, various special chemical modifications have been 
developed these years to facilitate the specific labeling of different tagets of interest.   
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1.1.2 Single-Molecule Optical Microscopy 
In general, there are two main categories of microscopy used in single-molecule 
fluorescence studies.  
A. Confocal Microscopy 
Confocal Microscopy uses point illumination method to detect the signal from the object. 
By placing a pinhole in front of the detector, it can selectively eliminate the out-of-focus 
signal and therefore improve the contrast, as well as optical resolution. The detector used 
by the confocal setup is usually photomultiplier tube (PMT) or silicon avalanche 
photodiode (APD) (8). Incident light can be precisely controlled by setting a motorized 
mirror in the incident pathway to adjust the incident angle to raster-scan the whole 
imaging area point-by-point.  
B. Total Internal Reflection Fluorescence (TIRF) microscopy  
TIRF Microscopy was first developed by Daniel Axelrod in the early 1980s (9). It uses 
the exponential decay property of evanescent wave on the surface of two media to 
selectively illuminate a thin layer of the object, usually less than 200nm. The technique 
successfully provides a solution to observe the fluorescent molecules immobilized on the 
surface, while avoiding the large free fluorescence background in solution. TIRF does not 
need the pinhole so it can image a much larger area by using CCD camera as the detector, 
which means that people could observe hundreds of fluorescent molecules 
simultaneously, instead of one spot at a time for confocal microscopy. On the other hand, 
compared with TIRF microscopy, confocal microscopy could provide much higher time 
resolution and stronger illumination.  
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Based on the design of the sample detection part, TIRF can be further categorized into 
two types, Objective-type TIRF (OTIR) and Prism-type TIRF (PTIR) (6). Fig. 1.4 shows the 
schematic for both types. By recruiting an additional prism on top of the quartz slide, PTIR gains 
more flexibility in adjusting both size and shape of the incident laser spot. In practice, PTIR also 
has relatively lower noise background from the Cy5 acceptor channel. In contrast, due to 
avoiding the additional thickness of the slide chamber in PTIR and the coupling of high-NA oil 
immersion objective, the photo-collection angle of the objective is relatively larger than prism-
type TIR. Therefore, OTIR gains the advantage of collecting more photons. 
For the FRET application in this thesis, we use PTIR for data collection. The FRET pair 
(Cy3 & Cy5) is excited by a solid-state laser at 532 nm (~50 mW). The combination module of 
the half-wave plate and the polarizing beam-splitting cube is used to control the incident laser 
intensities. Both Cy3 and Cy5 fluorescence signals are collected by the objective lens. After the 
collimation, fluorescence signal is separated by a dichroic mirror into two channels, donor (green) 
and acceptor (red). Typical experimental data was shown in Fig. 1.2B (6). Time traces from 
corresponding two spots represent the relative dynamics of the donor and acceptor. 
 
1.2 Ensemble FRET Study 
Instead of providing the details of dynamics for individual molecules at single-molecule 
level, ensemble FRET study can only tell the averaged behavior of the system. However, 
compared with the single-molecule method, ensemble study has its own advantages: 1) much 
easier to perform, because no complicated optical setup is needed; 2) it avoids the potential 
artifacts that may be introduced during the sample preparation process for single-molecule 
studies; 3) it can reach a much higher concentration of labeled biomolecules, etc. Fluorometer is 
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one of the most commonly used instruments for ensemble FRET studies. A modern fluorometer 
can also measure the fluorescent signal from a cuvette in real time so that we can record the 
reaction progress as it happens.  
 
1.3 DNA Replication 
DNA replication is one of the most important and fundamental processes in biology. The 
mechanism describes how a living organism delivers its genetic information to the offsprings. In 
order to achieve this, various proteins are assembled dynamically to form the very complicated, 
but efficient, accurate, collaborative “replication machine”. The replication rate is approximately 
500 DNA nucleotides per second for bacteria and approximately 50 nucleotides per second for 
mammal cells (10).  
 
1.3.1 Three Domains of Life 
At first, life was classified into two categories based on whether the cell has a nucleus. 
They are named as prokaryotes (no nucleus) and eukaryotes (with nucleus) respectively (11). 
The archaea were first considered to be a separate group from prokaryotes in 1977 by Carl 
Woese and George E. Fox, based on the distinct sequences of their small subunit ribosomal RNA 
genes (12). Fig. 1.5 shows the phylogenetic tree (or evolutionary tree), according to the 
sequences of ribosomal RNA genes, of the three domains of life. The tree structure also implies 
that it is highly possible for the archaea to share the same ancestral root as the eukarya, although 
the archaea are quite similar with the bacteria in both size and shape.  
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Initially, the archaeal organisms were found in many extremely harsh environments, such 
as hot springs and salt lakes. Nowadays, more and more researches have revealed that the 
archaea is a large and diverse group of organisms that are widely distributed in nature and are 
common in much less extreme habitats, such as soils and oceans. Since the archaea is one of the 
oldest life forms on the earth, the study of the archaeal organisms could provide us with more 
details of the evolution process of the life. In addition, the archaea can utilize different energy 
sources, such as sugar, metal ions, ammonia and hydrogen gas, etc. These properties might have 
important implications in biotechnology. Most of the proteins studied in this thesis are from M. 
acetivorans.  
 
1.3.2 DNA Replication Machine  
DNA replication starts from a specific AT-rich region, known as “origin”, where a 
replication initiator protein (e.g. DnaA in E Coli’ and Origin Recoginition Complex in yeast) 
binds and recruits other proteins to separate DNA duplex and to generate a “bubble” (13).  Then, 
a primase binds the DNA template stands in the “bubble” room and creates initial RNA primers 
for DNA polymerase to bind and start the subsequent replication. After initiator opens the 
double-helix, two replication forks will be created and move to the opposite directions along the 
template DNA and two new daughter DNA stands will be replicated at the same time (10).  
The complex molecular machine responsible for the replication at the fork is called 
replisome.  It is composed of a number of proteins for different biological functions during DNA 
synthesis (Fig. 1.6AB) (14).  
a) Helicase: The enzyme responsible for unwinding the duplex DNA into single strands. 
In bacteria, the helicase in the replisome is called DnaB, which is a hexameric protein 
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encircling one strand of DNA. In eukaryotes and archaea, it is called MCM 
(minichromosome maintenance).  Helicase unwinds the double helix and moves 
forward (5’-> 3’ for bacteria and 3’-> 5’ for eukaryotes and archaea) by hydrolyzing 
ATP. 
b) Primase: It creates the RNA primer on the DNA template strand because the DNA 
polymerase cannot synthesize its own primers. The primers are usually around 10 
bases long.  
c) DNA polymerase: The enzyme that uses the template of the unwound single strand to 
synthesize the complementary strand by adding the matching nucleotides. The 
polymerases used in prokaryote are Pol III and Pol I. The former is the main 
replication polymerase to elongate the new DNA strands, while the latter is 
responsible for removing the RNA primers through exonuclease activity. In contrast, 
for eukaryotes, the polymerases used for the two single-strand templates are different. 
Pol ε is for the synthesis along the leading strand and Pol δ is for the lagging strand.  
d) Clamp protein: A ring-shaped protein encircling DNA substrate and helps the binding 
of DNA polymerase to avoid the frequent dissociation from DNA. The interaction 
between the polymerase and clamp protein enhances the DNA synthesis, both by 
increasing the replication rate and by increasing the total number of nucleotides a 
polymerase could finish per association event (Fig. 1.6C). 
e) Clamp loader: An AAA+ protein that is responsible to open and load the clamp 
protein onto the DNA substrate. It is called -complex in bacteria and replication 
factor C (RFC) in eukaryote and archaea.  
f) Single-strand DNA binding protein: Called SSB in bacteria and RPA (replication 
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protein A) in eukaryote and archaea. It can remove the secondary structures of the 
single-strand DNA which might impede DNA synthesis. In addition, it can also 
protect the vulnerable ssDNA from other enzymes.   
g) Ligase: Since there is a small gap after RNA primer is removed, ligase is the enzyme 
that is used to fill that gap and connect two Okazaki fragments together.   
Since polymerase can only elongate the DNA in the 5’ to 3’ direction, two different 
mechanisms are necessary for a successful DNA replication. On the leading strand, where 
polymerase can continuously move forward to the same direction as helicase moves, only one 
RNA primer is needed at the beginning to initialize the subsequent DNA synthesis. However, the 
replication on the lagging strand needs to move in the opposite direction of the entire replication 
fork, which results in a non-continuous synthesis fragment by fragment, named Okazaki 
fragments (Fig. 1.6D). The length of Okazaki fragments can vary from 1000 to 2000 nucleotides 
in bacteria and 100 to 400 nucleotides in eukaryotes (10).    
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Figures for Chapter 1 
 
                        
 
Figure 1.1 Exponential growth of single-molecule fluorescence works. (adopted from ref. 
2) 
Shown is the number of publication per year, with the key words “single-molecule fluorescence”. 
Major technical advances are marked in red. The first studies on important biological systems 
are listed for FRET (gray) (2). 
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Figure 1.2 Single-molecule FRET (adopted from ref. 6) 
(A) FRET efficiency, E, as a function of the inter-dye distance R (Ro=50 A
o
). (B) Representative 
time trace of two-color FRET. Upper panel is the intensities of donor and acceptor; Lower panel 
is the corresponding FRET value, indicating the distance change between the two dyes (6). 
 
 
 
 
 
 
 
 
 
B 
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Figure 1.3 Cyanine and Alex Fluor families 
(A) Chemical structure and spectra family of Cyanine dyes (adopted from 
http://www.olympusfluoview.com/). (B) Spectra family of Alex Fluor dyes (adopted from 
http://www.invitrogen.com/). 
 
 
 
 
 
 
 
 
A 
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Figure 1.4 Schematic of single-molecule TIRF microscopy. (adopted from ref. 6) 
(A) Single-molecule TIRF microscopy. Tethered molecules are either exited by PTIR or OTIR. 
Fluorescence is collected using the objective, and the slit generates a final imaging area that is 
half of the CCD imaging area. The collimated image is split into the donor and acceptor 
emissions and imaged side by side on the CCD camera (camera image in inset). (B) Zoomed in 
total internal reflection region. For PTIR, laser beam incident from top and water immersion 
objective is used to collect emission fluorescence signal. For OTUR, laser bean incident from 
bottom and oil immersion objective is used to collect emission fluorescence signal. (C) 
Schematic of three color FRET. Imaging area of CCD camera is split into three regions 
corresponding to three different colors (6).  
A B 
C 
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Figure 1.5 Phylogenetic tree of three domain of life (adopted from http://www.whoi.edu/) 
Created by Carl Woese (University of Illinois) shows the three domains of life: Bacteria, Eucaria, 
and Archaea. 
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Figure 1.6 DNA replication machine (adopted from ref. 14) 
(A) Constitution of E.coli replisome. Helicase encircles the lagging strand. (B) Constitution of 
eukaryotic replisome. Helicase encircles the leading strand. (C) Crystal structure of clamp 
protein, -clamp in bacteria and PCNA in eukaryote and archaea. (D) Mechanism of lagging 
15 
 
strand cycle.  Since polymerase can only elongate new DNA strand from the 3’ end, DNA 
synthesis on the lagging strand must be done segment by segment, which is called Okazaki 
fragment (14). 
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CHAPTER 2: Methods 
2.1 Sample Preparation 
2.1.1 Protein Preparation 
 Proteins used in this study were expressed and purified as described previously (15). The 
storage buffers were 50 mM Tris at pH 8.0, 5 mM MgCl2, 200 mM NaCl, 10% (v/v) glycerol and 
1 mM DTT for RFC; 50 mM Tris at pH 8.0, 400 mM NaCl, 10% (v/v) glycerol and 1 mM DTT 
for PCNA; 50 mM Tris at pH 8.0, 100 mM NaCl, 10% (v/v) glycerol, 0.5 mM DTT for RPA1.  
Bulk experiments were carried out in a buffer containing 25 mM Tris at pH 8.0, 10 mM MgCl2 
and 4% (v/v) glucose, while single-molecule experiments in 25 mM Tris at pH 8.0, 10 mM 
MgCl2, 4% (v/v) glucose, 1% (v/v) gloxy [10mg glucose oxidase (Sigma) and 20 l catalase 
(Roche) in 100 l T50 buffer (10 mM Tris, 50 mM NaCl, pH 8.0)] and Trolox at a saturating 
concentration (16).  PCNA was labeled by the interaction between the cysteine and the 
maleimide form of Cy3 or Cy5 dye (Amersham Biosciences, NJ).  To achieve a sufficient 
labeling ratio, DTT was first removed from PCNA’s storage buffer by using a 3kDa spin column 
(Millipore, MA).  The protein was then incubated with 5x excess TCEP and 10x excess 
maleimide for 10 hours at 4ºC while rotating in the dark. Free dyes were removed by Bio-spin 6 
column (Bio-Rad, CA). Thereafter, labeled protein was transferred into the 1 mM DTT-
containing storage buffer. The concentrations of the dye were determined by measuring the 
absorption at 550 nm for Cy3 (extinction coefficient is 150,000 cm
-1
M
-1
) and 650 nm for Cy5 
(extinction coefficient is 250,000 cm
-1
M
-1
). Satisfactory labeling ratios were achieved (1.3 Cy3 
per PCNA trimer and 1.4 Cy5 per PCNA trimer, as calculated by the protein concentration 
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measured by the Bradford assay.  This labeling ratio helps avoid multiple dyes on the same 
trimer, which can cause potential complications.  In single-molecule experiments, 1 mM ATP or 
200 M ATPS, 2 nM Cy3-PCNA, 5 nM RFC, and 100 nM RPA1 were added at appropriate 
stages, respectively. 
 
2.1.2 DNA Preparation 
 All DNA strands used in this study were purchased from Integrated DNA Technologies 
(Coralville, IA).  Desired DNA structures were prepared by mixing all the component strands 
(see Table below) in T50 buffer (10 mM Tris, 50 mM NaCl, pH 8.0), incubating the mixture at 
90
o
C for 5 minutes, and then cooling the mixture down slowly to room temperature in dark. The 
DNA structures containing a four-way junction were purified through gel electrophoresis in a 
native acrylamide gel (8% acrylamide and 1xTBE buffer).  
Bio represents Biotin in the table, DigN represents digoxigen  
Primer ID Primer Sequence 
A 5'-/Bio/ACAAGTATAGGATCCCCGAGAACCGAG /Cy5/-3' 
B 
5'-CCCAGTTGAGCGCTTGCTAGGGTTTTTTTTTTTTTTTTTTT 
TCTCGGTTCTCGGGGATCCTATACTTGT-3’ 
C 5'-CCCTAGCAAGCCGCTGCTACGG-3' 
D 5'-CCGTAGCAGCGCGAGCGGTGGG-3' 
E 5'-CCCACCGCTCGGCTCAACTGGG-3' 
F 
5'-/Bio/GTGTCCGCAGATACAAGTATAGGATCCCCGAGAAC 
CGAG /Cy5/-3' 
G 
5’-CCCAGTTGAGCGCTTGCTAGGGTTTTTTTTTTTTTTTTTTT 
TCTCGGTTCTCGGGGATCCTATACTTGTATCTGCGGACAC-3' 
H 5'-/Bio/ACAAGTATAGGATCCCCGAGAACCGAG-3' 
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I 5'-/Cy5/CCCTAGCAAGCCGCTGCTACGG-3' 
J 5'-/Bio//Cy5/ACAAGTATAGGATCCCCGAGAACCGAG-3' 
K 5'-/Bio/ACAAGTATAGGATCCCCGAGAAC/Cy5/CGAG-3' 
L 
5'-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTCTCGGTTCTCGG 
GGATCCTATACTTGT-3' 
M 5'-/Bio/TGGCGACGGCAGCGAGGC/Cy5/-3' 
N 
5'-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCC 
TCGCTGCCGTCGCCA-3' 
DNA structures’ composition 
Structure Name Primers involved 
4WJ DNA A, B, C, D, E 
Long-4WJ DNA C, D, E, F, G 
Top-4WJ DNA B, D, E, H, I 
Bottom-4WJ DNA B, C, D, E, J 
Minus-5 4WJ DNA K, B, C, D, E 
pd 30 A, L 
pd DNA M, N 
 
2.2 Primer Extension and Gel Filtration Chromatography 
2.2.1 Primer Extension 
 Primer extension was resolved on 1 % agarose gel electrophoresis followed by 
visualization using autoradiography. An oligonucleotide that is complementary to position 6205 
to 6234 of the M13mp18 (+) strand was 5’ end-labeled with [-32P]ATP and T4 polynucleotide 
kinase (New England Biolabs). One pmol of the end-labeled primer was annealed to 0.5 g of 
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the template [M13mp18 (+) circular ssDNA]. The primer extension reaction (20 l) contained 20 
mM Tris-HCl (pH 8.8), 100 mM NaCl, 5 mM MgCl2, 2 mM -mercaptoethanol, 1mM ATP, and 
250 M of each dNTP, 0.5 g of MacPolBI, 0.4 g of MacRFC complex and different amount 
(300, 200, 100, 50, 25 or 0 nM) of MacPCNA, non-labeled or labeled, per reaction. Each 
reaction mixture was incubated at 37°C for 5 min, followed by termination through addition of 6 
l of stop solution (98% formamide, 1 mM EDTA, 0.1% xylene cyanol, 0.1% bromophenol 
blue).  After heating to 95°C for 5 min, the samples were resolved on 1% alkali agarose gel in 
50 mM sodium hydroxide and visualized by autoradiography.  
M13 primer: ATTCGTAATCATGGTCATAGCTGTTTCCTG 
 
2.2.2 Gel filtration Chromatography 
 Gel filtration chromatography for estimation of the molecular sizes of the M. acetivorans 
PCNA at different concentrations in solution was performed with the SMART system (GE 
healthcare). The purified M. acetivorans PCNA was applied to a Superdex 200 3.2/30 column 
(GE healthcare), pre-equilibrated with buffer C (50 mM Tris-HCl, pH 8.0, 0.5 mM DTT, 0.1 mM 
EDTA, and 0.15 M NaCl). Elution of proteins was monitored by absorbance at 280 nm. Proteins 
in eluted fractions were resolved by SDS-PAGE. For visualization, the proteins at 30 M and 5 
M were stained with Commassie Brilliant Blue, whereas staining of fractions from the analysis 
at 0.5 M was done through silver-staining. All protein concentrations are in PCNA monomers. 
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2.3 Data Acquisition and Analysis 
2.3.1 Ensemble Experiments 
 A Cary Eclipse fluorescence spectrophotometer (Palo Alto, CA) was used for bulk 
experiments, with the excitation wavelength fixed at 515 nm and emission at 565 and 665 nm for 
Cy3 and Cy5, respectively.  Experiments were carried out at 37(±1)
o
C unless otherwise specified. 
Fluorescence data were collected in a reaction buffer of 25mM Tris (pH 8.0), 10mM MgCl2, 
0.1mM DTT and 0.05mg/ml BSA.  Further data analysis was done by Origin (OriginLab, 
Northampton, MA) and the appropriate correction factors were taken into consideration.  FRET 
efficiency was calculated as E = IA / (IA + ID), where IA is acceptor (Cy5) signal and ID is the 
donor (Cy3) signal. 
 
2.3.2 Single-Molecule Experiments 
 A frequency doubled Nd-YAG 532 nm laser (Crystal Laser, Reno, NV) was used to 
excite Cy3 by total internal reflection to reduce the background signal from solution. The 
emission signal was collected by a water immersion objective (60x, 1.2 NA, Olympus) and then 
split into donor and acceptor channels using a 550-630 nm dichroic mirror (645DCXR, Chroma) 
after passing through a long-pass filter (550 nm, Chroma). EMCCD (Andor Technologies, South 
Windsor, CT) camera was used for fluorescence signal detection. The data acquisition software 
was developed by our lab using Visual C++ (Microsoft, WA) (6). The raw data were pre-
analyzed by a program written by IDL, with which FRET spots were extracted from the raw data.  
The time resolution is 30 ms unless otherwise specified. All experiments were done at room 
temperature unless otherwise specified. 
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The FRET efficiency was calculated after correction for the cross talk between the 
donor and acceptor channels.  In order to suppress the noise, five adjacent data points in a single-
molecule time trajectory were averaged before further FRET analysis unless otherwise specified.  
Individual traces were chosen where donor and acceptor exhibit visible clear anti-correlation and 
one-step photobleaching, which indicates one dye per PCNA.  FRET histograms were built by 
using the regions free of blinking and photobleaching and combining molecules at equal 
contribution per molecule.  Cross-correlation curves between the donor and acceptor trajectories 
were calculated as described previously (17, 18). To obtain the statistics of PCNA’s diffusion 
dynamics, more than 100 molecules were included in the analysis of both FRET histograms and 
cross-correlation curves. 
 
2.4 Monte Carlo Simulation for Calibration 
 Monte Carlo (MC) simulation of the free diffusion along dsDNA was written in Matlab. 
Since the persistence length of dsDNA was reported between 40 nm~50 nm (~130 bp) (19), 
dsDNA (27 bp or 47 bp) in our experiments can be simply treated as a rod in one dimension. 
Equal possibilities of moving forward or backward were generated by program. Step size of MC 
simulation was set to be small enough (0.1 bp or 0.01 bp, in our case) to mimic the continuous 
movement. The distance between donor and acceptor was calculated after each step, so was the 
corresponding FRET value. Assuming d=3.4 A
o
/bp and r=30 A
o
 to be the radius of PCNA, 
distance between fluorescent pairs, L, could be expressed by: 
       
2 2( )oL r d x x     
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where x and xo respectively represent the position of PCNA and acceptor along the dsDNA. 
Total intensity of each data bin, 30 ms, is set to be 500 a.u., matching our typical data intensity in 
TIRF experiments. Gaussian white noise with a peak intensity of 40 a.u. is applied. Finally, same 
cross correlation (CC) analysis as described before was used to the MC simulated traces for 
calibration purpose (dwell time of CC analysis D, diffusion coefficient). 
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CHAPTER 3: Assembly of Replication Clamp PCNA 
Templated by Clamp Loader RFC 
3.1 Introduction 
 Chromosome duplication requires high processivity of the replication machinery. 
However, studies of polymerase itself showed that it frequently falls off from the DNA substrate 
and can only synthesize 20-100 base pairs before dissociation (10).  The replication clamp, a 
ring-shaped protein oligomer which can be loaded onto DNA by the clamp loader, forms a 
complex with DNA polymerase (20-24). The interaction between the polymerase and the clamp 
prevents DNA polymerase from frequently falling off so that the polymerase-clamp complex can 
synthesize longer stretches of DNA at a faster rate (25, 26). This chapter focuses on the loading 
process, i.e., how the clamp loader opens the ring-shaped clamp. Interestingly, in addition to 
directly binding and opening a pre-formed PNCA trimer, ATP-bound RFC can also serve as a 
template for the assembly of PCNA from oligomers into a trimeric ring. To the best of our 
knowledge, this is the first example to show that an AAA+ protein could function as a reverse-
champerone providing a template to assemble another protein complex.  
 
3.1.1 Structure of the Sliding Clamp 
 The sliding clamp is found in all organisms as diverse as bacteria, yeast, humans and 
even viruses (24, 27-30). In bacteria, the clamp is called -clamp. In archaea and eukaryotes, the 
functional homolog is called proliferating cell nuclear antigen (PCNA). The clamp studied in this 
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dissertation is from an archaeal organism called Methanosarcina acetivorans (M. acetivorans). 
According to available crystal structures all clamps have a similar six-fold symmetry with a 
central channel for encircling DNA (24, 27, 29, 30). However, different organisms have different 
clamp oligomer compositions. In bacteria, the sliding clamp consists of two monomers of the 
same protein; whereas in archaea and eukaryotes, the clamp adopts a homotrimeric arrangement 
(24) (Fig. 3.1). Further structure study shows that although PCNA has a net negative charge in 
total, there is a net positive charge surrounding the inner surface of the ring and the hole in 
middle, interacting with the negatively charged DNA backbone.  In addition, PCNA also serves 
as a nexus for replication and other DNA metabolic transactions via interaction with other 
proteins. Therefore PCNA can be considered a molecular tool belt or a moving platform (31, 32), 
important for the function of many other proteins involved in DNA transactions (33). 
 
3.1.2 Structure of the Clamp Loader 
 The clamp loader is a pentameric AAA+ protein (21) and its clamp loading activity has 
been extensively studied (15, 34, 35). In bacteria, the clamp loader is the -complex while in 
archaea and eukaryotes it is named replication factor C (RFC) (30, 36).  In M. acetivorans, RFC 
consists of one large subunit RFCL, and four small subunits of two different proteins, RFCS1 
and RFCS2. Further quantitative analysis showed that the ratio of RFCL : RFCS2 : RFCS1 
equals 1 : 1 : 3 (15). As found in other AAA+ ATPases, theATP binding sites are located at the 
subunit/subunit interface, and four such sites are predicted for the M. acetivorans’s RFC 
(MacRFC) (Fig. 3.2). Conformational changes of RFC upon binding ATPs in solution can twist 
open the PCNA ring (29). Previously, an electron microscopy structure of an archaeal 
RFC/PCNA complex from Pyrococcus furiosus (Pfu) in the presence of ATPS, a 
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nonhydrolyzable ATP analog, demonstrated a helical complex formed by five RFC subunits 
arranged liked a cork screw (29). It has been suggested that the binding region of the RFC from S. 
cerevisiae roughly occupies ~11 base pairs on the double helix (30). Considering the additional ~ 
20 A
o
 of the thickness of PCNA, it requires at least ~16 base pairs room for RFC to load PCNA 
onto DNA substrate. The favored loading position of PCNA on DNA is the primer/template 
junction, which can be recognized by RFC. In order to complete the clamp loading process and 
to release the PCNA ring onto the DNA substrate, ATP hydrolysis by RFC is required (27).   
 
3.2 Load Labeled PCNA onto DNA Substrate by RFC 
3.2.1 Labeled PCNA Functions the Same as Unlabeled PCNA 
First of all, according to the crystal structure of MacPCNA (Fig. 3.3A, Courtesy to Prof. 
Satish Nair, University of Illinois at Urbana-Champaign), all these possible labeling positions are 
on the outer surface of the clamp ring, away from the inner side, which is important for the 
sliding along the DNA backbone. Furthermore, in order to confirm that the biological function is 
not affected by the fluorescent labeling, we also compared the primer extension results (PCNA 
w/o dye labeled) by a cognate DNA polymerase MacPolB1 (37).  PCNA with high labeling ratio 
(~ 4 dyes/trimer) was used to make sure that most of the PCNA trimers are fluorescently 
modified.  As shown in Fig. 3.3B, both labeled and unlabeled PCNA stimulated the DNA 
synthesis of up to ~ 7 kb at various PCNA concentrations (25 nM to 300 nM). In other words, 
fluorescent labeling did not significantly affect MacPCNA’s capacity to stimulate DNA 
synthesis by its cognate DNA polymerase in a RFC dependent manner.  
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3.2.2 Loaded PCNA could Slide off from DNA 
In order to investigate the mechanism of the loading process using fluorometer, different 
DNA structures (pd40 and 4WJ-DNA) were labeled with Cy5 (acceptor) at the 3’ 
primer/template junction respectively. And a biotin was designed at the end of double strand of 
both DNA structures to prevent PCNA from sliding off the duplex. In addition, low DNA 
concentrations ( 40 nM) were used to minimize the potential passive PCNA loading onto DNA 
substrate. All the PCNA concentrations reported here are trimer concentrations unless otherwise 
specified. 
A representative FRET time trace using fluorometer is shown in Fig. 3.4B. We first 
incubated Cy5-pdDNA (400 nM neutrabidin is included unless otherwise mentioned) in a cuvette 
at 23
o
C. 20 nM Cy3-PCNA was added first, then 500 M ATP, followed by addition of 40nM 
RFC. Right after 40 nM RFC was added to the solution, FRET immediately started to increase to 
a peak value at around 0.12 (half lifetime ~ 3 s). The result suggests that Cy3-PCNA had been 
loaded onto DNA substrate, and then slowly decreased to a plateau at around 0.10 (half lifetime 
~ 2 min). Another control experiment with 500M ATPS instead of ATP showed a similar 
FRET jump at the time when RFC was injected. However, in contrast to the case with ATP, 
FRET kept increasing to a plateau at around 0.20 (Fig. 3.4C). Therefore, the difference of the 
final FRET value should be caused by the ATP hydrolysis by the RFC, which can result in a 
successful loading by ejecting PCNA onto DNA substrate. The slow FRET decrease suggested 
that the loaded Cy3-PCNA may slide off from the 5’ single-stranded DNA (ssDNA) tail and the 
system reached a reloading and sliding-off equilibrium in the end.  For the case of ATPS, RFC 
remains bound to DNA and forms a RFC-PCNA-DNA complex (38-41). As a consequence, 
there is no sliding off and FRET could only monotone increase. The contrast of the two FRET 
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experiments confirmed that RFC need to hydrolyze ATP in order to complete the loading of 
PCNA onto DNA substrate.  
 To further check our hypothesis, 4WJ-DNA was designed with a four-way junction head 
blocking the single-stranded DNA tail end so that loaded PCNA could not slide off from 5’ end 
again (Fig. 3.4D). Same experimental procedure as described in the last paragraph (w/o 400 nM 
neutravidin as illustrated in the figure) was carried out and 40 nM RFC was added at t=0. In 
contrast to Fig. 3.4B, 4WJ-DNA with ATP showed a continuous FRET increase to around 0.2, 
which provides a strong support of our conclusion that PCNA can slide off from the ssDNA end.  
Control experiment with only four-way junction head omitting the 3’ primer/template loading 
site showed no FRET increase (42), suggesting that the continuous FRET increase was not 
induced by the potential loading or non-specific bind onto the four-way junction head (Fig. 3.5).  
If neutravidin was not added to the solution, FRET for both DNA structures did not go 
above 0.05, much lower than the situation with neutravidin. The data suggested that PCNA could 
slide off from the duplex end as well. Furthermore, the comparison of the FRET value changes 
of, pd40 (with neutravidin blocking the duplex end) and 4WJ-DNA (without neutravidin), further 
suggested that it is easier for PCNA to slide on dsDNA than ssDNA (Fig. 3.4E) (43). 
 
3.3 PCNA Assembly 
3.3.1 Spontaneous and RFC-induced PCNA Assembly 
 We first investigated the PCNA’s spontaneous assembly by mixing Cy5-PCNA and Cy3 
PCNA together at 1:1 ratio.  Real-time FRET as a function of time was recorded at a number of 
total concentrations of PCNA (from 10 nM to 200 nM), as shown in Fig. 3.6B. Gradual FRET 
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increase was observed over time and a final plateau was reached after >10 mins incubation, 
likely due to the oligomerization of PCNA. In addition, final FRET amplitudes were larger at 
higher total PCNA concentrations. Half lifetime of the spontaneous assembly, defined as the 
time needed to reach the half maximum, decreased from 6.8 mins at 40 nM PCNA to around 4 
mins at 200 nM PCNA, shown as below 
 
 
 
 
 
Since the FRET increase at 10 nM PCNA was not significant, the half lifetime was 
difficult to be determined (marked as N.D. in the table representing Not Determined). The PCNA 
self-assembly data strongly suggested that PCNA might mainly exist as monomers at low PCNA 
concentration ( 40 nM). 
 In order to test other possible explanations of the FRET increase above, such as it might 
simply be caused by PCNA aggregation or monomer exchange between two trimers, RFC-
induced PCNA assembly experiment was performed (Fig. 3.6C). 40 nM PCNA (20 nM Cy3-
PCNA and 20 nM Cy5-PCNA, so that spontaneous FRET increase is negligible according to Fig. 
3.6B) and 500 M ATP was pre-incubated in the cuvette. When 40 nM RFC was added, FRET 
immediately started to increase to a plateau at around 0.4 with a half lifetime at around 0.3 min, 
which was ~ 20 fold faster compared with the situation of PCNA self-assembly at the same 
PCNA concentration (Fig. 3.6B). In contrast, control experiment without ATP didn’t show a 
significant FRET increase (Fig. 3.6E). The dramatic enhanced PCNA assembly by RFC addition 
PCNA Maximun FRET Half-Life (min) 
10 nM N.D. N.D. 
40 nM 0.07 6.83 
80 nM 0.15 5.51 
120 nM 0.22 5.10 
160 nM 0.26 4.87 
200 nM 0.31 4.03 
PCNA 40 nM + RFC 100 nM 0.34 0.32 
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cannot be explained by the protein aggregation or monomer exchange between two PCNA 
trimers.  
 A close look at Fig. 3.6E also indicated that ATP is needed for a successful assembly by 
RFC. The FRET trace without ATP addition could only show less than 20% FRET increase 
compared with the situation with ATP pre-incubated. In addition, even subsequently adding ATP 
in the solution could not effectively turn RFC back to the productive mode. Therefore, the 
conformational change of RFC after binding ATP is necessary for PCNA assembly. 
 
3.3.2 Average Lifetime of PCNA Trimer 
 Next, to measure the average life time of PCNA trimer, 1 M unlabeled PCNA was 
added into the pre-assembled dual labeled PCNA solution. Subsequent FRET decay was 
observed for both PCNA spontaneous self-assembly and RFC-induced assembly, since labeled 
PCNA monomers will most likely be captured by unlabeled PCNA in high excess once 
disassembled from dual labeled trimeric ring (Fig. 3.7A). Average lifetime was then determined 
by applying exponential fitting to the decay curves and very similar average lifetimes were 
obtained for both spontaneous and RFC-induced assembly (~7 mins).  
RFC Cy3 PCNA Cy5 PCNA Decay Time (min) Error (min) 
none 100 nM 100 nM 6.6 0.1 
none 80 nM 80 nM 6.9 0.1 
none 60 nM 60 nM 8.2 0.2 
none 40 nM 40 nM 6.7 0.2 
     
RFC Cy3 PCNA Cy5 PCNA Decay Time (min) Error (min) 
40 nM 20 nM 20 nM 7.2 0.7 
100 nM 20 nM 20 nM 7.2 0.2 
200 nM 20 nM 20 nM 6.5 0.2 
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A control experiment by assembling PCNA using ATPS also showed a very similar 
FRET decay that was the same as the case with ATP (Fig. 3.7A). So the disassembly of PCNA in 
addition to RFC does not require ATP hydrolysis. In order to further rule out the possibility that 
the addition of unlabeled PCNA induced the disassembly of dual labeled PCNA trimer, another 
dilution experiment was carried out instead of adding unlabeled PCNA. We first pre-assembled 
dual labeled PCNA by RFC and then diluted the mixture 15 folds. As shown in Fig. 3.7B, similar 
FRET decrease rate was detected. Therefore, we concluded that rather than simply increasing the 
lifetime of PCNA trimer, RFC must be accelerating the PCNA assembling process by binding 
individual monoers (at low PCNA concentration) and enhancing the formation of PCNA trimer, 
an activity which has not been described  previously.  
 
3.3.3 Trimer/Momomer Equilibrium of PCNA 
 Gel filtration chromatography of PCNA at various concentrations also supported our 
conclusion that PCNA could exist in an equilibrium condition of monomer and trimer (Fig. 
3.8A). According to the data, PCNA mainly exists in trimeric formation at 30 M and 5 M 
monomer conditions (10 M and 1.7 M trimer concentration respectively).  While at 500 nM 
monomer concentration (167 nM concentration), PCNA mainly exists as monomers. Since 
standard gel filtration chromatography requires high salt buffer to be the reaction running buffer, 
which might be a potential concern due to the difference from our ATPase buffer. Therefore, 
same RFC-induced assembly was performed in the high salt buffer of gel filtration to prove that 
the assembly still works. The experiment was done at 40 nM dual labeled PCNA (20 nM each), 
which has been shown that most of PCNA is in the monomeric form (Fig. 3.6B). A rapid FRET 
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increase was observed with the addition of 40 nM RFC, an evidence to support that the system is 
still functional in the high salt buffer, although the amplitude of the plateau is roughly 40% lower 
than our ATPase buffer (Fig. 3.8B). 
 To test the possibility that PCNA might remain as a trimer even at low concentration, and 
the FRET decay with addition of excess unlabeled PCNA might due to the collision-induced 
monomer exchange between trimmers (44), we performed a dilution experiment with pre-self-
assembled dual labeled PCNA trimer and monitored the FRET evolution as a function of time. 
Cy3- & Cy5-PCNA (200 nM each) were pre-mixed at 37°C for 30 min to reach the equilibrium. 
Thereafter, the mixture was diluted to final 20 nM, 40 nM and 80 nM concentrations (Fig. 3.9). 
Significant FRET decrease was observed for each case. The results argued against the collision-
induced monomer exchange model, which suggests that a simple dilution without adding 
unlabeled PCNA should not induce such obvious FRET change. Furthermore, the monomer 
exchange model cannot explain the 20-fold acceleration of RFC-induced assembly neither (Fig. 
3.6D). Therefore, PCNA must mainly exist as monomers at low concentration and the 
subsequent FRET changes should be attributed to monomer-trimer transition.  
 
3.4 Dynamics of RFC-induced Assembly 
3.4.1 Stoichiometric and Cooperative Assembly of PCNA by RFC 
 When RFC assembles a PCNA trimer, does it bind the first, second and third monomers 
with equal affinity? Or, does the binding of the first monomer increase the subsequent binding of 
additional monomers, that is, is the binding cooperative? The question was addressed by a series 
of stoichiometric experiments with a fix dual labeled PCNA concentration (20 nM Cy3-PCNA 
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and 20 nM Cy5-PCNA) and various RFC concentrations (from 0 nM to 200 nM) (Fig. 3.10A). 
RFC dependent acceleration of PCNA assembly is evident for all RFC concentrations ≥10 nM 
and the final amplitude is RFC concentration dependent as well. As shown in Fig. 3.10B, the 
final amplitude started to increase linearly as RFC concentration increases (upto 40 nM) and then 
reached a plateau at around 0.1 when RFC concentration > 40 nM. The stoichiometry of RFC 
and PCNA reached 1:1 when the amplitude reached plateau, implying that RFC might assemble 
individual PCNA monomers to a trimer and hold on to the assembled PCNA.  
 Since there is same amount of Cy3- and Cy5-PCNA (20 nM each) in the solution and the 
quantitative ratio for PCNA monomer to RFC is 3, 2, 1.5, 1, 0.75 and 0.6, corresponding to 
different RFC concentrations of 40, 60, 80, 120, 160 and 200 nM. Assuming that the affinities 
for RFC to bind monomer, dimer and trimer are equal, the final FRET amplitude should decrease 
when RFC concentration is above 40 nM. However, the final amplitude reached a plateau when 
the ratio of RFC to PCNA reached 1: 1, suggesting that the binding affinity of RFC to the trimer 
should be more stable than that to monomer. Therefore, we conclude that the binding of PCNA 
monomers to RFC is cooperative.  
 
3.4.2 Modeling of RFC-induced PCNA Assembly 
 The average time needed for RFC to assemble the PCNA was calculated by applying 
single exponential fitting to the fast FRET increase region and it saturated when the 
concentration of RFC is larger than 60 nM (Fig. 3.10C). The saturation indicated that the initial 
binding between RFC and PCNA monomer is not rate-limiting for the assembly of PCNA trimer 
under such conditions. Based on the data so far, the model we preferred was illustrated in Fig. 
3.10D. It is likely that there is a rapid equilibrium between a free RFC (R) and an RFC bound by 
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a PCNA monomer (RP). Thereafter, RP might need a necessary conformational change to an 
active complex-RP
*
, before binding more PCNA monomers and accomplishing the assembly 
process directly. The rate of the change to the activate state is around 3 min
-1
, which is implied 
by Fig. 3.10C. Finally, two additional monomers come and bind RP
*
 and form a RFC-trimer 
complex R(P)3. The possibility that such a pre-activation complex has two PCNA monomers, 
instead of one, bound to an RFC can be disregarded because R(P)2 would have displayed a 
substantial FRET. In addition, from the table of average lifetime, a rate ~ 0.15 min
-1
 can be 
deducted for the disassembly of R(P)3 back to RP
*
. Consistent with this model where a 
conformational change, not binding, is rate-limiting, the time required for PCNA assembly by 
200 nM RFC stayed constant within 20% when the PCNA concentration was varied by a factor 
of five, from 20 nM to 100 nM (Fig. 3.10E). 
 
3.5 DNA Synthesis by Polymerase-Clamp Complex 
3.5.1 FRET-based DNA Polymerization Assay 
 Meantime, a FRET-based DNA polymerization assay was designed so that the real-time 
DNA synthesis can be monitored by taking advantage of the FRET change between Cy3-PCNA 
and Cy5 4WJ-DNA, as shown in Fig. 3.11A. A corresponding FRET increase, attributed to the 
movement of DinB-PCNA complex toward the 4WJ head, was expected during polymerization 
process. Experiments were done at 37
o
C. MacDinB, an M. acetivorans translesion DNA 
polymerase, was pre-incubated in the cuvette after Cy3-PCNA had been loaded on to Cy5 4WJ-
DNA. Subsequently, 10 M dATP was injected into the cuvette and the DNA synthesis was 
triggered, shown as an immediate FRET increase (Fig. 3.11B). A control experiment with the 
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mixture of dCTP, dGTP and dTTP (10 M each) didn’t show FRET increase, consistent with the 
(dT)20 template design, which further supported our interpretation (Fig. 3.11C). Furthermore, if 
ATPS is used instead of ATP such that RFC cannot release PCNA onto the DNA and dissociate, 
no FRET increase was observed upon addition of dATP (Fig. 3.12B). Therefore, our fluorescent 
labeled PCNA is still functional for the DNA synthesis.  
 
3.5.2 Strand Displacement Ability of MacDinB was Revealed 
 During the DNA synthesis, it is unexpected that a FRET decrease after reaching the 
maximum was observed when dNTP was used (Fig. 3.13A). Interestingly, such subsequent 
FRET decrease could not be detected when dCTP, dGTP and dTTP were missing from the 
mixture (Fig. 3.13D). The contrast first revealed an unknown strand displacement ability of 
MacDinB, which flaps the forward DNA strand and keeps the elongation process with a few 
more nucleotides. Furthermore, this unexpected strand displacement ability is significantly 
temperature sensitive. As shown in Fig. 3.13E, DinB’s polymerization ability was obviously 
reduced and the strand displacement ability could not be detected at room temperature (23
o
C). In 
contrast, right after we adjusted the reaction temperature to 37
 o
C, the strand displacement ability 
of DinB was immediately restored. The discovery of DinB’s new function extended our 
understanding of archaeal replication system.  
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3.6 Discussion 
3.6.1 Two Possible Loading Pathways at Different PCNA Concentrations 
 Low FRET observed at low PCNA concentrations in the absence of RFC is reminiscent 
of Yao et al’s observation that the yeast PCNA free in solution as well as those that had been 
loaded onto circular DNA are able to dissociate into its constituent monomers at PCNA 
concentrations below 20 nM (45). The discovery of the monomer formation of PCNA, especially 
at low PCNA concentration, provided us a new idea of how RFC opens the ring-shaped PCNA 
and accomplishes the subsequent loading.  Previous studies had reported that ATP-bound RFC 
can simply bind and open a PCNA trimer and then load it (34, 35). In addition to this ring-open 
process, based on our findings in this chapter, it is also possible that the ATP-induced 
conformational change also allows assembly of an open PCNA trimer from monomers onto the 
clamp loader (Step I). The contact with the DNA substrate (Step II) induces a further 
conformational change that reduces the gap in the PCNA trimer (Step III) and leads to the 
heightened ATPase activity observed with all RFC/PCNA/primed DNA complexes (15, 45, 46). 
Hydrolysis of bound ATP leads to ejection of the RFC, leaving the PCNA trimeric ring on the 
template DNA (Step IV) (Fig. 3.14). The PCNA assembled by RFC in our study is likely to have 
an open lock washer structure as seen in the electron microscopic (EM) structure of PCNA 
bound to RFC and DNA in the presence of ATPS.  
 
3.6.2 Reverse-chaperone Activity of AAA+ Protein 
Remarkably, we also found that the PCNA assembly was accelerated by 20 fold by the MacRFC 
action that required ATP binding, but not hydrolysis. This is the first demonstration, to our 
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knowledge, that a clamp loader can serve as a template for assembling a replication clamp. If this 
observation holds true in vivo, our results suggest that MacRFC and perhaps other RFC 
homologs in the archaeal/eukaryotic sister lineages have evolved not only to open and load the 
clamp onto DNA, but also to aid in efficient assembly of the clamp. Intracellular concentration 
of PCNA is likely to be in the micromolar range. If most of the PCNA in vivo are in solution, 
that is, not bound to DNA, PCNA would primarily exist as a trimer, obviating the need for 
templated assembly. However, it is not known what fraction of PCNA in the cell is freely 
diffusing in solution instead of being bound to the DNA. If the number of freely available PCNA 
molecules is small in vivo then they may primarily exist as monomers. If so, our discovery of 
RFC-templated assembly of PCNA may have physiological relevance. Regardless, our study 
demonstrates a new intrinsic activity of an AAA+ protein that can act as a template for the 
assembly of another protein complex. This may be called the reverse-chaperone activity which 
contrasts well with the chaperoning activities of some AAA+ proteins that can disassemble 
protein complexes (47). Whether the reverse-chaperone activity is utilized in vivo remains to be 
tested. 
 
 
 
 
 
 
 
 
37 
 
Figures for Chapter 3 
Figure 3.1 Crystal structures of sliding clamps (Pfu, yeast, and E. coli, respectively, 
adopted from ref. 48) 
Across from all three domains of life, all clamps share a six-fold symmetry. For archaea and 
eukaryotes, clamp is a trimer, while for bacteria, it is a dimer (48).  
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Figure 3.2 Determination of the stoichiometry of MacRFC complex (adopted from ref. 15) 
(A) MacRFC complex resolved through SDS-PAGE.  Quantative analysis shows the 
stoichiometric ratio of RFCL : RFCS2 : RFCS1 = 1 : 1 :3. (B) Schematic representation of the 
predicted spatial distribution of MacRFC complex. There are four ATP binding site at the 
interface between two adjacent subunits (15). 
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Figure 3.3 Primer extension ability of labeled PCNA and unlabeled PCNA 
(A) Six possible labeling position on MacPCNA. All the labeling positions are on the outer 
surface of the ring, which are away from the inner side. (Courtesy to Prof. Satish Nair, 
University of Illinois at Urbana-Champaign) (B) Comparison of labeled and non-labeled 
MacPCNA on primer extension. Primer extension of MacPolBI was compared in the presence of 
different amount of labeled and non-labeled PCNA. The results indicated that labeled PCNA 
retains its function to accompany the polymerase during DNA synthesis. 
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Figure 3.4 Load labeled PCNA onto DNA substrate 
(A) Schematic of FRET assay of PCNA loading to a 5’-tailed partial duplex DNA. (B) FRET 
measurements reveal loading of the PCNA onto DNA in an RFC dependant manner. Rapid 
FRET increase upon RFC addition is due to PCNA loading onto DNA. Subsequent slow 
decrease in FRET is attributed to PCNA sliding off the single stranded DNA end after it has been 
released upon ATP hydrolysis by RFC. (C) ATPS instead of ATP is used to “trap” the 
RFC/DNA/PCNA complex resulting in more significant FRET increase without a slowly 
decreasing phase. (D) Schematic of the 4WJ-DNA used to trap MacPCNA. (E) FRET 
measurements comparing pdDNA and 4WJ-DNA show that 4WJ-DNA is able to successfully 
trap the PCNA on the DNA. Experiments were done in a similar manner as in b and c and the 
time axes were shifted to denote t=0 as the moment of RFC addition. The slower reaction with 
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the 4WJ-DNA may be due to the streric hindrance imposed by the stacked-X structure of the 
four-way junction. 
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Figure 3.5 Loading of Cy3-labeled PCNA onto Cy5-labeled 4WJ-DNA DNA 
Constructs were prepared to see if PCNA binding to the blunt ends of the four-way junction 
DNA may contribute to the FRET signal observed in our PCNA loading experiments. The data 
show negligible FRET increase for the four-way junction alone whereas a robust FRET increase 
was observed with the construct that contains the 3’ recessed end. 
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Figure 3.6 Spontaneous and RFC-induced assembly of PCNA measured via FRET 
(A) PCNA trimers’ spontaneous assembly and disassembly monitored by FRET between the 
donor and acceptor fluorophores attached to PCNA monomers. (B) Cy3-PCNA and Cy5-PCNA 
can spontaneously assemble (oligomerize) upon mixing giving rise to FRET increase. Cy3-
PCNA is first added to the sample in half the indicated concentration and at time equal to zero, 
Cy5-PCNA is added to make the total indicated concentration of PCNA. Measurements were 
done at 37 C. (C) RFC-templated assembly of PCNA trimers monitored by FRET. PCNA 
assembly is accelerated by at least 20 fold by ATP-bound RFC (as denoted by the thickness of 
the arrows). The cartoon also represents the model that the PCNA is held by the RFC instead of 
being released from RFC as discussed in the text. (D) Rapid FRET increase between Cy3-PCNA 
and Cy5-PCNA upon addition of ATP and RFC. (E) 20 nM Cy3-PCNA and 20 nM Cy5-PCNA 
are in solution before time t=0. Black: ATP is added at t=0 followed by RFC at t=1.5 minute. 
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Red: RFC is added at t=0 and ATP at 6.5 minute. Blue: The self-assembly of PCNA. Inset shows 
the same curves but zoomed in to around t=0 to shows the rapid jump in FRET for the red curve. 
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Figure 3.7 PCNA assembled by RFC exchanges with free PCNA in solution  
(A) Rapid FRET increase between Cy3-PCNA (20 nM) and Cy5-PCNA (20 nM) upon addition 
of 1 mM ATP (or 1 mM M 
unlabeled PCNA is added subsequently likely due to exchange with free PCNA in solution. 
(B)To rule out the possibility that the added unlabeled PCNA may induce the disassembly of the 
RFC-assembled PCNA trimer, we diluted the RFC-assembled PCNA trimer by a factor of 15 to a 
buffer solution while measuring FRET. The concentration before dilution is 20 nM Cy3 PCNA, 
20nM Cy5 PCNA, 1 mM ATP, 40 nM RFC. All experiments were done at 37 degree. To achieve 
15-fold dilution, 25 l mixture was added into into 350 l buffer. An exponential decay fit was 
used to determine the reaction time. Triple repeats were performed and yield the average reaction 
time of 9.96 min with a standard deviation of 0.41 min. 
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Figure 3.8 Oligomerization state of MacPCNA at various monomer concentrations and 
buffer conditions 
(A) Gel filtration chromatography for estimation of the molecular sizes of the M. acetivorans 
PCNA at different concentrations by SMART system (GE healthcare). The elution volume of the 
major peak at a concentration of 30 micromolar was estimated as 83.5 kDa, and since the 
estimated molecular weight of a monomer of MacPCNA, based on the polypeptide sequence, is 
26.6 kDa, the elution volume suggested a protein existing as trimers (83.5/26.6=3.1) in solution. 
The elution volume of the peak at a concentration of 5 micromolar was estimated as representing 
a protein of molecular weight 74.1 kDa, hence this represented 2.7 monomers of PCNA, which 
one will assume represents a trimer, and finally the elution volume of the protein injected at 0.5 
micromolar suggested a molecular weight of 28.5 kDa, which we assumed is a monomer. (B) 
RFC-induced assembly in our standard reaction buffer (black) and in the gel filtration high salt 
buffer C plus 10 mM MgCl2 (red). 
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Figure 3.9 Dissociation of Cy5/Cy3-PCNA trimers into monomers upon dilution 
We pre-incubated 200 nM Cy3-PCNA and 200 nM Cy5-PCNA in solution at 37°C for 30 min to 
achieve equilibrium, and then diluted the mixture into a cuvette filled with buffer to investigate 
the FRET change. FRET measurements were also performed at 37°C. Different final FRET 
values are observed for different final concentrations. In one experiment, the dilution was made 
to 20 nM labeled PCNA plus 20 nM unlabeled PCNA. The data show that dilution results in 
FRET decrease over 3 min time scale, indicating that PCNA trimer spontaneously dissociates. 
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Figure 3.10 Cooperative and stoichiometric assembly of PCNA by RFC 
(A) FRET vs. time after adding RFC of indicated concentration to a solution containing 20 nM 
Cy3-PCNA, 20 nM Cy5-PCNA and ATP. (B) Amplitude of FRET change (obtained by single 
exponential fits to the FRET vs. time curve) vs. RFC concentration. (C) Average lifetime of 
RFC-induced PCNA assembly as measured in B as a function of RFC concentration. (D) 
Proposed kinetic mechanism of PCNA trimer assembly templated by RFC. A free RFC (R) and 
an RFC bound by a PCNA monomer (RP) are in rapid equilibrium. RP undergoes a 
conformational change to form the activated complex (RP*), and two additional monomers bind 
to form R(P)3. (E) Average lifetime of the PCNA assembly reaction vs. PCNA concentration at 
200 nM RFC. 
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Figure 3.11 DNA synthesis by MacDinB associated with labeled PCNA 
(A) A schematic of FRET-based assay for DNA polymerization by M. acetivorans DinB. If 
DinB polymerizes DNA and if it interacts with PCNA labeled with Cy3 during polymerization, 
FRET increase is expected between Cy3 on PCNA and Cy5 attached at the downstream location 
on the DNA. (B) Addition of RFC (80 nM) to the reaction mixture, which contained 1 mM ATP, 
leads to significant FRET increase due to Cy3-PCNA (20 nM) loading onto the 4WJ-DNA (50 
nM). DinB (2 M) addition causes a slight FRET increase possibly due to PCNA localization to 
the recessed 3’ end. Then with dATP (10 M), a significant jump in FRET is observed. (C) In 
contrast, if a mixture of dCTP, dGTP and dTTP (10 M each) is added, that is without dATP 
needed for polymerization on the poly-dT template, almost no FRET change is observed. 
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Figure 3.12 Movement of labeled PCNA during DNA synthesis by MacDinB requires 
ATP hydrolysis by MacRFC. Same experiments as shown in Figure 3.11 were performed using 
another batch of PCNA and RFC proteins.  
(A) Addition of RFC (80nM) to the reaction mixture, which contained 1 mM ATP, leads to 
significant FRET increase due to Cy3-PCNA (20nM) loading onto the 4WJ-DNA (4WJ labeled) 
(50nM). DinB (2M) addition followed by dATP (10M) addition caused a significant jump in 
FRET. (B) In contrast, if 1 mM ATPS replaces ATP in the reaction, no FRET jump is observed 
showing the polymerization-dependent movement of PCNA requires the release of RFC from 
PCNA induced by ATP hydrolysis. 
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Figure 3.13 DNA synthesis by MacDinB associated with labeled PCNA at various 
conditions 
(A) Right after adding 100 M dNTP into the pre-loaded Cy3-PCNA and Cy5 Top-4WJ DNA 
complex, FRET starts to increase to the maximum at ~ 2 min, indicating a successful DNA 
synthesis. FRET starts to slowly decrease after reaching the maximum, likely due to the strand 
displacement of MacDinB. (B) Same experiment as A, instead of dNTP, 100 M mixture of 
dCTP, dGTP and dTTP was added into the pre-loaded Cy3-PCNA and Cy5 Top-4WJ DNA 
complex. No obvious FRET increase was detected. (C) Schematic of the DNA synthesis by the 
MacDinB and PCNA complex. Highlighted single strand part is (dT)20. (D) Same experiment as 
A, instead of dNTP, 100 M dATP was added and FRET starts to increase right after the 
injection. However, no subsequent FRET decrease could be observed until 00 M mixture of 
dCTP, dGTP and dTTP was added, consistent with the strand displacement ability of MarDinB. 
(E) Same experiment as A at room temperature (23
o
C). MacDinB can only perform the strand 
displacement at 37
 o
C. 
 
E 
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Figure 3.14 Proposed clamp loading actions 
The binding of ATP to RFC results in a conformational change that exposes clamp interacting 
sites or residues on the clamp loader. The ATP-bound clamp loader can bind and open a trimeric 
ring-shaped PCNA. However, the conformational change also allows assembly of an open 
PCNA trimer onto the clamp loader. The opened PCNA ring in each case likely assumes an open 
lock washer structure (I). The opening in the PCNA trimer is large enough to allow passage of 
the template DNA (II). Once the DNA contacts the clamp loader, a second conformational 
change in the RFC occurs. This second conformational change likely reduces the gap in the 
opened PCNA trimer (observed in the EM structure) and also makes the RFC competent for ATP 
hydrolysis (III). Hydrolysis of ATP by RFC leads to release of nucleotide and ejection of the 
RFC from the complex leading to full closure of the PCNA ring on the DNA (IV). In this model, 
PCNA monomers bound to different PCNA interacting proteins can exchange on the PCNA-
bound-clamp loader (I) depending on affinity and concentration.  
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CHAPTER 4: Direct Observation of Sliding Clamp 
Dynamics during Loading and 
Polymerization 
4.1  Introduction 
 Successful replication of genome requires the function of many different proteins in 
concert. In this study, by applying fluorescence resonance energy transfer (FRET) to the archaeal 
replication, we reconstituted part of replication machinery, up to four different protein 
components, at the single-molecule level. We developed a surface-based assay where the loading 
of the sliding clamp (PCNA) to the DNA by the clamp loader (RFC) is visualized in real time. 
We discovered an intermediate step likely due to ATP hydrolysis by RFC before PCNA is 
released on the DNA. Although the clamp itself is not stable as a trimeric ring, once loaded, 
PCNA remains stably associated with the DNA for hours, allowing us to investigate the 
subsequent reactions. We found that PCNA prefers to stay near the primer/template junction but 
still diffuses on both double and single stranded DNA. This is only the second example of direct 
observation of protein diffusion on single stranded DNA. Diffusion on the single strand, however, 
is two orders of magnitude slower than on double stranded DNA, and is prevented by cognate 
single strand binding protein. By adding the DNA polymerase to the loaded clamp, we could 
follow DNA synthesis by the polymerase-clamp complex by visualizing the motion of the clamp 
downstream. Interestingly, PCNA frequently slips back or pauses during synthesis, suggesting 
that spontaneous diffusion of PCNA or its complex with the polymerase is an integral feature 
even during polymerization. 
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4.1.1 Protein Diffusion Dynamics 
 Although the clamp loading process has been studied for many years, little is known 
about the dynamics of loading and subsequent processes. The loaded PCNA can dissociate from 
the DNA if the DNA ends, either single or double stranded, are not blocked, suggesting that 
PCNA may slide or diffuse on both double and single stranded DNA (49). However, direct 
demonstration that PCNA can diffuse on ssDNA is still lacking. Many DNA-interacting 
proteins’ biological functions involve diffusion along the DNA substrate (50). The processivity 
factor of herpes simplex virus DNA polymerase, UL42, has been shown to “hop” along a lambda 
DNA with a diffusion coefficient about 1.8×10
5 
bp
2
/s (~10
-14
m
2
/s) at 100 mM NaCl (51). In 
addition, a recent study by fluorescence correlation spectroscopy (FCS) showed that, for the E. 
coli -clamp, the diffusion coefficient for sliding along dsDNA is about 10-14m2/s (~105 bp2/s) 
(52). By using single-molecule tracking technique, it has been demonstrated that PCNA can 
move along dsDNA with a diffusion coefficient of about 2.24×10
7 
bp
2
/s (~10
-12
m
2
/s) (53), which 
is about two orders of magnitude higher than the rate reported by experiment based on FCS.  
 
4.1.2 Outline of This Chapter 
 In this study, by applying fluorescence resonance energy transfer (FRET), we could 
systematically observe key processes at the single-molecule level, including clamp loading and 
diffusion, as well as DNA replication. These dynamics were directly observed on DNA 
structures that contain both double- and single-stranded regions, which is more relevant to DNA 
replication than purely double stranded DNA. The experimental environment could be carefully 
controlled by flushing the sample chamber after each step of the reaction so that the dynamics 
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observed is not affected by other proteins that would otherwise remain in solution. In addition, 
RPA1, a single-stranded DNA binding protein, and PolB1, a putative replicative polymerase of 
M. acetivorans, are also included in this study. Therefore, our approach makes it possible to go 
beyond studying isolated, individual proteins, and to the level of investigating more complex 
multi-protein systems. 
 The rest of the chapter is organized as follows. First, we demonstrated that PCNA, once 
loaded onto the DNA, can diffuse both on ds- and ss- DNA, and it prefers to stay at the position 
near the 3’ end of the primer. Second, studies with a cognate ssDNA binding protein RPA1 as 
well as diffusion on dsDNA with a single nick suggested that diffusion is much faster on dsDNA 
(>10
-14 
m
2
/s) than on ssDNA (~10
-16 
m
2
/s). We further investigated the RFC-induced PCNA 
loading process in real time, and observed an intermediate loading step that lasted ~0.3 s, which 
is likely induced by ATP hydrolysis by RFC. Finally, we observed DNA replication in real time 
via coordinated actions of four different proteins: RFC, PCNA, polymerase and RPA1 and 
showed that the binding of RPA1 does not significantly affect the polymerization reaction when 
a short homopolymer is used as the template. More interestingly, our data also suggested 
frequent slippage of PCNA-PolB1 during replication. 
 
4.2 Observe PCNA Loading at Single-Molecule Level 
4.2.1 Single-Molecule Assay for PCNA Loading 
 To visualize PCNA loading by RFC onto a biologically relevant DNA structure, we 
designed a primed template with 5’ ssDNA overhang and both ends blocked to prevent possible 
dissociation of PCNA via the ends (Fig. 4.1). All of the DNA structures have a 3’ 
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primer/template terminus mimicking a primed DNA template, and the duplex end was attached 
to the polymer-passivated quartz surface via biotin-neutravidin interaction. We also incorporated 
a DNA four-way junction (4WJ) at the single strand end so that 4WJ and neutravidin can trap 
any loaded PCNA onto the primed template structure. After incubating the surface-tethered Cy5-
labeled DNA with 20 nM RFC, 2 nM Cy3-labeled PCNA (Cy3-PCNA) and 1 mM ATP, we were 
able to see a large number of fluorescent spots on the sample surface (typically more than 200 
spots per imaging area of ~9,000 m2) indicating that PCNA was efficiently loaded onto the 
DNA (Fig. 4.2B, upper panel, Fig. 4.2C). All concentrations of PCNA noted here are trimer 
concentrations unless otherwise specified. Cy3-labeling of PCNA maintained its ability to be 
loaded onto the DNA by RFC and to facilitate primer extension by its cognate DNA polymerases 
{Cheng et al, submitted to Biophysical Journal}.  FRET between Cy3 (donor) on PCNA and Cy5 
(acceptor) attached to the 3’ recessed end of the DNA, demonstrates direct association between 
the two molecules at the single-molecule level. In contrast, no such corresponding spot was 
observed when ATP or RFC were absent (Fig. 4.2B, lower panel, Fig. 4.2C). In addition, when 
ATP or RFC was omitted, the total number of fluorescent spots per imaging area was at the 
baseline level attributed to non-specific bindings and fluorescent impurities on the slide surface 
(Fig. 4.2C). These results demonstrate that our assay recapitulates the RFC’s function to load 
PCNA onto the DNA in an ATP-dependent manner. 
 
4.2.2 Loaded PCNA Maintains Stable Association with DNA 
 Following PCNA loading, we washed the sample chamber multiple times to remove any 
PCNA and RFC free in solution to eliminate the possibility of reloading.  Then, we determined 
the average number of loaded Cy3-PCNA per imaging area as a function of time (Fig. 4.2D). 
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Even after two hours, about 80% of the loaded PCNA remained stably bound to DNA. Our 
ensemble data showed that at low concentrations (less than 20 nM), most of the PCNA in 
solution is monomeric {Cheng et al, submitted to Biophysical Journal}. Therefore, there must be 
additional interactions between DNA and PCNA that keeps the loaded trimeric PCNA ring stable 
for a long period of time, for example, the hydrogen bonds or electrostatic interaction (54). The 
four-way junction block was needed to keep the PCNA on the DNA because without the four- 
way junction, no accumulation of Cy3-PCNA was observed, likely caused by PCNA sliding off 
the single stranded end (Fig. 4.3). The stable association of PCNA with DNA after loading 
allowed us to probe the dynamics of loaded PCNA as we show next. Treating the loaded PCNA 
with 500 nM wild type RFC and 1mM ATP did not remove the loaded PCNA (Fig. 4.2E), 
indicating that the potential PCNA unloading activity of RFC (40) is negligible in our 
experiments. 
 
4.3 Diffusion Dynamics of Loaded PCNA 
4.3.1 Spontaneous PCNA Diffusion after Loading 
 After Cy3-PCNA being loaded to Cy5-4WJ DNA on the surface, we washed away free 
PCNA and RFC and monitored fluorescence signals from individual PCNA/DNA complexes as 
a function of time (Fig. 4.4A & Fig. 4.5). Some time traces (~12%) showed evidence of two or 
more Cy3 dyes through multi-step photobleaching (Fig. 4.6), likely due to the six possible 
labeling sites on a PCNA trimer. In all subsequent analyses, only those time traces that showed a 
single photobleaching step, corresponding to a single fluorophore labeling, are considered. These 
traces clearly presented anti-correlated intensity changes of donor and acceptor signals, 
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indicating that the distance between Cy3-PCNA and Cy5-4WJ DNA was fluctuating, 
corresponding to PCNA’s diffusion on DNA.  
To check if the diffusion signal may be induced or influenced by the fluorescence label 
itself, we designed another structure named Minus-5 4WJ DNA. In Minus-5 4WJ DNA, Cy5 was 
attached to the duplex portion, 5 bp away from the primer/template terminus (Fig. 4.7A). The 
single-molecule time traces obtained from Minus-5 4WJ DNA also showed FRET fluctuations of 
large amplitude, resembling those obtained from the 4WJ DNA (Fig. 4.7B). The FRET 
histogram for 4WJ DNA showed a single broad peak in the high FRET region (~0.7). The FRET 
peak for Minus-5 4WJ DNA was also in the high FRET region (~0.63), although there was a 
slight shift due to the different acceptor positions (Fig. 4.7C). The cross-correlation curves, 
CC(Δt), of the donor and acceptor intensity presented a negative decay consistent with FRET 
fluctuations for both constructs, and the region for Δt > 60 ms can be fitted well by a single 
exponential decay (Fig. 4.7D). The fitting yielded similar correlation times for 4WJ DNA (τ = 
0.22 s) and Minus-5 4WJ DNA (τ = 0.30 s). CC(Δt) of both DNA constructs showed a fast 
component with a characteristic time scale shorter than our time resolution (30 ms) (see the 
lower panel of Fig. 4.7D for a magnified view) as we will discuss later in this report. The 
similarities of both FRET peak positions and cross-correlation dynamics indicated that PCNA’s 
diffusion properties were unlikely to be significantly influenced by the fluorescent labeling of 
DNA. 
 
4.3.2 Preferred Position for PCNA Spontaneous Diffusion 
We further examined three additional DNA structures to gain more information on the 
FRET dynamics (Fig. 4.1). Long-4WJ DNA is identical to 4WJ DNA except with a longer 
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dsDNA portion (39 bp vs 27 bp), which provides more room on double strand for diffusion. 
Bottom-4WJ DNA has Cy5 attached to the duplex end whereas Top-4WJ DNA has Cy5 at the 5’ 
end of a strand that constitutes the 4WJ.  The peaks of single-molecule FRET histograms for 
Long-4WJ DNA and 4WJ DNA were both in the high FRET region (~0.7) (Fig. 4.8), implying 
that PCNA’s spontaneous diffusion has a preferred position near the 3’ recessed end of the 
primed template. Consistent with this interpretation, the peaks of the FRET histograms were at 
low FRET region for both Bottom-4WJ DNA (~0.25) and Top-4WJ DNA (~0.27) for which the 
acceptor labeling positions are removed from the primer/template terminus (Fig. 4.4DE).  The 
temporal fluctuations in FRET observed for all four DNA structures indicate that PCNA is still 
able to diffuse away from the favored location. Furthermore, the relative frequency in the low 
FRET region is greater for Long-4WJ than 4WJ DNA (Fig. 4.8), consistent with the greater 
space for diffusion on dsDNA of Long-4WJ DNA. 
 
4.3.3 ATP Hydrolysis is Necessary for PCNA Diffusion 
 Without ATP hydrolysis, RFC can only mount PCNA onto the DNA but cannot release it 
thereafter.  Electron microscopy studies have shown a stable complex formed on a primed DNA 
substrate, composed of RFC and PCNA in the presence of ATPS (29, 30). Therefore, PCNA 
would not diffuse in such a complex so that the single-molecule experiments performed with 
ATPS should serve as a test of our interpretation that FRET fluctuations observed with ATP 
arises from PCNA diffusion.  A typical single-molecule time trace in the presence of 200 M 
ATPS shows little dynamics after PCNA’s loading (Fig. 4.9G), further confirming that FRET 
fluctuations in the presence of ATP are caused by PCNA diffusion after it is released from RFC 
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onto the DNA. In addition, ensemble FRET experiment with 4WJ DNA without neutravidin 
block of the duplex end demonstrated that, with ATPS, PCNA is frozen on the DNA substrate 
and cannot diffuse anymore, evidenced by a continuous FRET increase (Fig. 4.10). However, 
with ATP, no FRET increase was observed, presumably due to PCNA sliding off the DNA 
through the duplex end. 
 
4.4 Diffusion on the dsDNA is much Faster than on ssDNA 
4.4.1 Effect of RPA1 
 In vivo, ssDNA is bound by single-stranded binding proteins, SSB (single-stranded DNA 
binding protein) in bacteria and RPA (replication protein A) in archaea/eukaryotes (55, 56), but 
the dynamics of PCNA on the DNA coated by RPA proteins is not well known. Can RFC load 
PCNA onto the RPA-coated ssDNA/dsDNA junction? If so, is the loaded PCNA able to invade 
into the RPA-coated ssDNA? If not, does the presence of RPA have any impact on PCNA 
diffusion? In order to answer these questions, we applied 100 nM M. acetivorans RPA1 to the 
sample chamber after loading PCNA to the surface-immobilized DNA. In strong contrast to the 
FRET fluctuations observed without RPA1, little dynamics was detected in the presence of 
RPA1, and only steady FRET values were observed (Fig. 3.9A). Single-molecule FRET 
histograms were also clearly different with and without RPA1. For 4WJ DNA, the peak FRET 
value shifted from 0.7 to 0.5 upon RPA1 addition (Fig. 3.9B). Likewise, the peak FRET shifted 
from 0.26 to 0.18 for Top-4WJ DNA (Fig. 3.11A). The cross correlations of the donor and 
acceptor fluorescence intensities also showed clearly different dynamics (Fig. 3.9C and 
Supplementary Fig. 4.11B). With RPA1, neither cross-correlation curve showed a slow motion 
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on hundreds of millisecond timescale although both retained the fast component that decays 
within the first bin, 30 ms. Therefore, RPA1 dramatically affects PCNA diffusion.   
We considered two possible explanations for the RPA1 effect. First, potential interaction 
between RPA1 and PCNA may freeze PCNA on the DNA substrate. Second, occupation of 
ssDNA by RPA1 may force PCNA to undergo diffusion only on the dsDNA portion, which 
might be presumably much faster than the diffusion on ssDNA so that time-averaging gives a 
relatively stable FRET signal within our instrument’s time resolution (30 ms). To test these 
possibilities, we performed the following ensemble experiments. First, Cy3-PCNA (20 nM), 
Cy5-4WJ DNA (50 nM), ATP (1 mM) and RPA1 (100 nM) were incubated in a cuvette. Then, 
400 nM neutravidin was added to prevent the loaded PCNA from sliding off the DNA. With the 
addition of 80 nM RFC, an immediate FRET increase was observed, indicating that PCNA can 
be loaded even when RPA1 coats the ssDNA (Fig. 4.12A). In contrast, when RFC was added 
first without neutravidin, almost no FRET change was detected, suggesting that the loaded 
PCNA must be sliding off the dsDNA end. However, upon subsequent addition of neutravidin, a 
FRET increase was detected again (Fig. 4.12B).  The dependence of FRET increase on the order 
of adding neutravidin and RFC strongly argues against the possibility that RPA1 freezes PCNA 
at the 3’ of primer/template terminus. Instead, RPA1 must restrict PCNA diffusion to dsDNA. 
 
4.4.2 Diffusion on Complete dsDNA 
As a further test, we eliminated the single stranded region by converting it into double 
stranded region, leaving only a single nick for PCNA’s loading purpose, Dig-bp30 DNA (Fig. 
3.9D). Although PCNA could be still loaded to the DNA, no clear FRET fluctuation was 
observed, further supporting the notion that diffusion on dsDNA is too fast to be clearly observed 
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within our time resolution. Similarly, the cross-correlation curves for Dig-bp30 DNA showed 
only the fast component (Fig. 3.9F). Therefore, we concluded that the slow time scale diffusion 
we observed without RPA1 could be mostly attributed to diffusion on ssDNA and that diffusion 
on dsDNA must occur on a time scale faster than 30 ms. 
 
4.4.3 Photophysical Effects of Fluorophore 
It is known that photophysical effects may affect single-molecule fluorescence analysis 
on short timescales (57). Could it be the origin of the fast component (< 30 ms) in the cross 
correlation curves? To answer this question, auto correlation, AC(Δt), was calculated from the 
time traces of Cy5 intensity upon direct excitation of Cy5-4WJ DNA with red laser in the 
absence of proteins. The curve showed a correspondingly fast decay we attribute to the 
photophysics of the fluorophores (Fig. 3.9I). In addition, as a further support, the cross 
correlation of the control experiment with ATPS, which presumably comes from a static PCNA 
held in place by RFC, showed a similarly fast component (Fig. 3.9H). Thus, the fast component 
should be mainly due to photophysical effects.  
 
4.5 Estimation of Diffusion Coefficient by Monte Carlo Simulation 
 To quantify PCNA’s diffusion coefficient on DNA, we performed a simulation to mimic 
the diffusional motion on the dsDNA. For one dimensional diffusion, the variance of the position 
x after time t  follows 
  
2 2x D t   ,                       (Eq. 1) 
where D is the diffusion coefficient. For one dimensional random walk with a fixed step size l  
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2 2x N l   ,                          (Eq. 2) 
where N is the total number of steps taken and l  can be chosen as small as necessary to simulate 
a continuous movement. From Eqs. 1 and 2,  
2
2
N l
D
t



.                  (Eq. 3) 
After simulating the random walk, by integrating all the donor and acceptor signals over N steps 
taken within 30 ms time window ( 30t ms  ), we can compare the traces and the corresponding 
cross-correlation curves of simulated data for different values of D with the experimental data. In 
the simulated results for diffusion on 4WJ DNA, the cross-correlation amplitude at τ =0, CC(τ 
=0), is larger for smaller D (Fig. 4.13). From the CC(τ =0) values obtained for different values of 
D ranging from 10
-13
 to 10
-17
 m
2
/s, we could build a lookup table that relates these two quantities 
(Fig. 4.9J). According to the experimental results, CC(τ =0) value when diffusion is restricted to 
dsDNA should be essentially near zero once we account for the photophysical effects (Fig. 4.9H), 
so the associated D value must be greater than 10
-14 
m
2
/s. We also simulated diffusion on Dig-
T30 lacking ssDNA. The resulting FRET histograms are shown for various D values (Fig. 4.9K). 
In order to obtain a FRET histogram comparable to the experimental data (Fig. 4.9L), D should 
also be greater than 10
-14 
m
2
/s (~10
5
 bp
2
/s).  
Due to the existence of the preferred position, the diffusion on 4WJ which contains both 
single and double strand DNA is not amenable to our simple model calculations. However, the 
extent of diffusion on ssDNA is about the length of ssDNA (20 nt in 4WJ DNA) and the time 
scale of diffusion is about 0.3 s from the cross-correlation analysis. Then, using equation 1, we 
obtain D = 400/0.6 nt
2
/s or ~700 nt
2
/s (~10
-16
 m
2
/s). This is at least 100 times slower than the 
estimated D on dsDNA. 
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4.6 An Intermediate in PCNA Loading 
 Clamp loader needs to hydrolyze ATP to complete the clamp loading process.  After ATP 
hydrolysis, clamp loader undergoes necessary conformational changes to release the clamp onto 
DNA substrate, and then dissociates from the DNA. Our single-molecule method enables us to 
examine this step more closely. The loading process can be monitored in real time when proteins 
are flowed into the chamber with surface-immobilized Cy5-DNA. Fig. 4.14A showed two 
typical traces that reflect this initial step. Binding can be detected as an abrupt increase in 
fluorescence signal from the background level. In the presence of ATP, more than 75% of the 
traces (135 of 181) showed a clear transition to a high FRET value (~ 0.7) after initial binding 
with a low FRET value (0.3~0.5). This FRET increase is likely caused by a translocation of 
PCNA, after being released by RFC, towards the 3’ recessed end of the primed template 
terminus, the position where PCNA spends most of its time during the spontaneous diffusion. 
The initial low FRET likely corresponds to the original loading position base-pairs away from 
the acceptor-labeling position into the duplex, as was seen in the electron microscopy structure 
of the complex composed of RFC, PCNA and a primer/template DNA with ATPS (29). Single 
exponential fit of the accumulated dwell time histogram yielded a 0.3 s lifetime which likely 
reflects the timescale of ATP hydrolysis by RFC (Fig. 4.14D). In contrast, the experiment with 
ATPS did not show any FRET jump (Fig. 4.14B).  
To further test our interpretation, we repeated the same experiment by using Bottom-4WJ 
DNA (Fig. 4.14C). Because acceptor is at the end of the duplex portion now, ATP hydrolysis and 
the consequent translocation of PCNA to the primer/template junction would give a FRET 
decrease instead. This is indeed what we observed and the average dwell time of the first step 
before FRET reduction was 0.7 s (Fig. 4.14E). The substantial difference in timescale between 
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the two constructs may arise from the difficulty in distinguishing acceptor photobleaching from 
the translocation step for Bottom-4WJ DNA. 
 
4.7 Real Time Replication by PolB1 Visualized by PCNA Motion 
4.7.1 Real Time Investigation of PolB1-PCNA Complex 
 The next step for reconstituting the replication machinery is to incorporate the replicative 
polymerase, PolB1 in our case. The exonuclease activity has been attenuated through site-
directed mutagenesis in the exonuclease domain of PolBI. After loading PCNA onto Top-4WJ 
DNA, 50 nM PolB1 was added and incubated for 5 min to form a complex with the loaded Cy3-
PCNA (Fig. 4.15A). Thereafter, the chamber was washed with buffer to remove free PolB1 in 
solution and a real time movie was taken while injecting dATP to initiate DNA synthesis, using 
(dT)20 as the template. As the PCNA-PolB1 complex moved to the acceptor-labeled 4WJ head, a 
corresponding FRET increase was observed (Fig. 4.15B & Fig. 4.16). In contrast, control 
experiment with mixture of dTTP, dGTP and dCTP did not show any FRET increase. The data 
therefore clearly demonstrated that PCNA accompanies the polymerase during DNA synthesis. 
To estimate the replication rate, we first determined the time it takes for the FRET increase to 
complete and plotted its accumulated histogram (Fig. 4.15CD). The replication time was then 
calculated by the single exponential fitting of the histogram and the replication rate is given by 
the length of the ssDNA template divided by the replication time, which is ~ 17 bp/s at 10 M 
dATP and 24 bp/s at 100 M dATP (Fig. 4.15E). Furthermore, replication rate did not change 
significantly when 100 nM RPA1 pre-coated the ssDNA, yielding 22 bp/s at 100 M dATP (Fig. 
4.15E). Almost identical replication rate with and without RPA1 suggests that RPA1 neither 
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presents a substantial barrier to the polymerase nor stimulate polymerization when a short 
homopolymer is used as the template. 
 
4.7.2 Combined Dynamics in Replication 
 The ability of PCNA to diffuse on both ssDNA and dsDNA may complicate the 
interpretation of the replication data where DNA synthesis in real time was followed via the 
motion of PCNA. A closer look showed that many of our traces of the replication imply that 
spontaneous diffusion and motor-driven replication co-exist (Fig. 4.15F, orange arrows). During 
the FRET increase period, we sometimes could observe FRET temporally fluctuates back (~43%, 
123 out of 288 molecules). This is probably caused by the spontaneous diffusion of the PCNA-
PolB1 complex between the two time points for polymerase to recruit matched nucleotides to the 
template strand. It is more common under lower dATP (10 µM) concentration (~58%, 100 out of 
173 molecules). Because we anticipated that PolB1 might freeze PCNA at the primer/template 
junction, the dynamics of PCNA-PolB1 complex came as a surprise. To further test the holding 
ability of PolB1, we performed another ensemble experiment (Fig. 4.17). 20nM Cy3-PCNA, 
50nM 4WJ DNA and 1mM ATP were first incubated in the cuvette before time zero. After 
adding 100 nM PolB1 (purple line) and 80 nM RFC (green line), FRET only slightly increased. 
A burst of the FRET increase could only be detected after applying 400nM neutravidin (red line) 
to block the dsDNA end. This result supports our previous single-molecule observation that 
PCNA-PolB1 complex could not stay at the primer/template junction stably without falling off. 
In addition, single-molecule experiments by observing the complex either with Cy3-PCNA (with 
unlabeled PolB1) or Cy3-PolB1(with unlabeled PCNA) showed fluctuations as well (Fig. 4.18). 
Moreover, we also noticed that more than 80% of the molecules (387 out of 461) showed 
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obvious FRET pauses during the replication (Fig. 4.15F, purple arrows). However, the 
corresponding FRET values of the pauses are not very well defined from trace to trace. The 
dwell time of the pauses might correspond to the time lag to recruit a new nucleotide or to have 
potential conformational changes in the middle of replication. Spontaneous diffusion might occur 
during that waiting period. 
 
4.8 Discussions 
 By applying single-molecule- and ensemble- FRET to an archaeal replication system, we 
have developed a new method to obtain dynamic information related to the clamp-loading and 
subsequent replication processes. 
 
4.8.1 Spontaneous Dissociation of PCNA after Loading 
 We found that dissociation of PCNA from an end-blocked DNA is minimal over a 2-hour 
period (Fig. 4.2D), making it possible to study the dynamics of clamp under a defined condition 
after free PCNA and RFC have been washed out. In our study, 500 nM RFC could not unload the 
loaded PCNA to a significant degree (Fig. 4.2E). Inability of sub-M RFC to unload PCNA is 
consistent with previous work on RFC of S. cerevisiae. Our approach provides a direct method to 
probe the activities of potential clamp-unloading proteins, which include suggested sub-
complexes composed by several subunits of RFC in S. cerevisiae (40). 
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4.8.2 Other Possible Motions of Loaded PCNA 
 The rotation of PCNA around the DNA is another possible degree of freedom and may in 
principle contribute to the observed FRET fluctuations. In order to investigate this possibility, we 
designed another DNA structure (pd30) without the 4WJ head (Fig. 4.3A). If rotation caused the 
FRET fluctuation we observed (Fig. 4.4AB) without diffusional motion along the DNA axis, 
similar dynamics can be expected after PCNA’s loading. However, no such FRET traces could 
be found from the single-molecule data of pd30 DNA. It was difficult even to find the 
corresponding FRET pairs due to PCNA’s diffusion off from the ssDNA (Fig. 4.3B). In addition, 
little dynamics was detected of the Dig-bp30 DNA in Fig. 4.9D, whose structure did not have 
single strand DNA. This was also consistent with sliding on the single-stranded DNA being the 
primary factor of FRET change. In particular, the ensemble data (Fig. 4.10 & Fig. 4.12) clearly 
suggested the occurrence of diffusion in this system.  
A recent study of E. coli clamp shows a tilted angle of about 22
o
 between the DNA 
backbone and the C-terminal surface of -clamp (58). Such tilting-induced motion can also 
influence FRET between donor and accepter. Nonetheless, the argument above for the rotation 
also applies here and this tilting motion anchored at the primer/template terminus should not be 
the main reason for FRET fluctuations (Fig. 4.4AB). These possible movements, however, may 
co-exist with diffusion although linear diffusion on the DNA is likely to dominate under our 
conditions. 
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4.8.3 Preferred Position during PCNA Diffusion 
 The FRET peaks for all four different 4WJ DNA structures demonstrated that the 
preferred position of PCNA is close to the primer/template terminus. Such a preferred position 
would be useful for an efficient DNA synthesis by recruiting the DNA polymerase to the site 
where DNA synthesis starts. A number of interactions have been observed between the bacterial 
-clamp and a ds-ssDNA junction (58). Although the polarity of the ssDNA tail was opposite to 
the natural substrate for polymerization, the multitude of interactions with both ds and ssDNA 
may help localize PCNA primarily at the 3’ primed recessed end. Further investigation of this 
preferred position might reveal more interesting details about the interactions between PCNA 
and DNA. 
 
4.8.4 Implication of PCNA Diffusion 
 We concluded that PCNA must be diffusing rapidly on the dsDNA portion on a timescale 
faster than our time resolution (30 ms), and its excursions into the single-stranded region must be 
effectively prevented by RPA1. Therefore, removal of RPA1 from ssDNA for subsequent DNA 
synthesis must require proteins other than PCNA, most likely the DNA polymerase, as shown in 
our experiment. Furthermore, we can conclude that much of FRET fluctuations observed without 
RPA1 reflect the slower diffusion on ssDNA. A possible reason for slower diffusion on ssDNA 
could be the less ordered structure of ssDNA, especially different charge distribution from 
dsDNA, which may cause strong resistance against diffusion. 
Considering the fact that the number of each replication protein in the cell is limited, 
rapid diffusion of PCNA could make itself a sliding platform and a walking tool belt that can 
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efficiently recruit these proteins to the target sites for accomplishing different biological 
functions. In addition, single-stranded DNA binding proteins might play another important role 
in the cell of preventing PCNA from diffusing too far away into the single strand region from the 
3’ primed end, where DNA synthesis starts. 
 
4.8.5 PCNA Loading Observed in Real Time 
 By comparing the initial steps of PCNA binding to DNA between RFC-catalyzed 
reactions using ATP and ATPS, we were able to find support for the model that ATP hydrolysis 
is required for the complete loading and then RFC can release the PCNA to DNA substrate. A 
previous study has proposed that the ATP hydrolysis at the RFC small subunits permits the 
release of PCNA onto DNA substrate (59). If that is the case, the dwell time we obtained should 
correspond to that specific ATP hydrolysis step. Alternatively, the dwell time may include 
hydrolysis of several ATP molecules which may occur simultaneously or sequentially. Either 
way, the dwell time we measured based on the first step of FRET jump during loading provides a 
reasonable estimate on the timescale of the ATP hydrolysis by RFC, which is on the order of 
several hundred milliseconds. This value is comparable to the ATP hydrolysis time scale 
determined previously for S. cerevisiae RFC as obtained by previous work in bulk solution (60). 
Our approach provides a direct window into the complex process of clamp loading and release 
and holds the promise to reveal the molecular details if combined with mutation studies. 
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4.8.6 Diffusion Dynamics in Replication 
 In this work, we successfully reconstructed the replication system composed of up to four 
different proteins at single-molecule level. The combination of diffusion and replication might 
play an important role for polymerase to more efficiently recruit matching nucleotides to the 
target. By taking advantage of the direct observation individually, subsidiary motion (diffusion, 
in our case), could be revealed from the primary process (replication, in our case). Considering 
the diffusion ability of polymerase-clamp complex, we speculate that, when there is a lesion 
during the replication, helicase may act as a locomotive to simply drag the polymerase-clamp 
complex on leading strand moving forward without recycling the polymerase from the clamp 
(61-63). And the DNA synthesis of the leading strand can be continued after meeting the 
subsequent primer possibly generated by primase (64) (Fig. 4.19). At the meantime, some post 
replication repair proteins can be recruited to the lesion site and correct the error left.  Future 
studies of these subsidiary motions may provide us more knowledge to understand the details of 
the replication process, and many other important biological systems. 
 
 
 
 
 
 
 
 
 
72 
 
Figures for Chapter 4 
 
 
Figure 4.1 4WJ DNA structures 
(A) Structure of 4WJ DNA. Four-way junction head was designed to prevent PCNA sliding off 
from the ssDNA tail. ssDNA part is composed of 20 thymines and duplex part is 27 base pairs. 
(B) Structure of Long-4WJ DNA. (C) Structure of Top-4WJ DNA. (D) Structure of Bottom-4WJ 
DNA. 
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Figure 4.2 PCNA loading at single-molecule level 
(A) Schematic of the loading Cy3-PCNA onto Cy5 4WJ DNA. (B) Successful PCNA loading at 
single-molecule level in the presence of RFC and ATP, indicated by hundreds of corresponding 
FRET spots observed from two channels. Few spots could be observed either RFC or ATP was 
missing. (C) Control experiments for the PCNA loading at various conditions. Non-specific 
binding event are around 40. Significant difference was observed when both RFC and ATP in 
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present. (D) Number of spot pairs remaining after imaging buffer washing at different time 
points. More than 80% of the loaded PCNA still left after two hours, suggesting that the 
spontaneous dissociation rate for the loaded PCNA is negligible. (E) After loading Cy3-PCNA 
onto Cy5 4WJ DNA, 500 nM wide type RFC was injected and the unloading ability of wild type 
RFC is not significant.  
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Figure 4.3 PCNA loading with partial duplex DNA without 4WJ head 
(A) Schematic of loading Cy3-PCNA onto Cy5 pd30 DNA. (B) Few loading spots were detected, 
suggesting a successful loading rather than non-specific binding to the DNA substrate.   
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Figure 4.4 Representative single-molecule time traces and histograms 
(A) Representative time traces after loading Cy3-PCNA onto Cy5 4WJ DNA. (B) 
Representative time traces after loading Cy3-PCNA onto Cy5 Top-4WJ DNA. (C) Normalized 
FRET distribution histogram for 4WJ DNA (High FRET peak). (D)  Normalized FRET 
distribution histogram for Top-4WJ DNA (Low FRET peak). (E) Normalized FRET distribution 
histogram for Bottom-4WJ DNA (Low FRET peak). (F) Normalized FRET distribution 
histogram for Minus-5 4WJ DNA (High FRET peak). 
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Figure 4.5 More representative time traces for 4WJ DNA and Top-4WJ DNA 
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Figure 4.6 Representative time traces with multi-photobleaching steps (Cy3-PCNA and 
Cy5 4WJ DNA) 
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Figure 4.7 Control experiment with Minus-5 4WJ DNA 
(A) Structure of Minus-5 4WJ DNA. Cy5 dye is labeled 5 base pairs away from the 
primer/template junction. (B) Representative time traces for Cy3-PCNA with Minus-5 4WJ 
DNA. The dynamics is very similar with the dynamics of 4WJ DNA (C) FRET histograms for 
Minus-5 4WJ DNA and 4WJ DNA. Both peaks are in the high FRET region. (D) Upper panel: 
Cross-correlation analysis for Minus-5 4WJ DNA and 4WJ DNA. Their dynamics are very 
similar. Fitting after t>60ms gives τ = 0.22s for 4WJ DNA and τ = 0.30s for Minus-5 4WJ DNA. 
Lower panel: Zoomed in figure of t<0.6s.  
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Figure 4.8 Histograms of 4WJ DNA and Long-4WJ DNA 
For both FRET histograms, FRET peaks are in the high FRET region (~0.7). The top relative 
frequency panel shows that it has higher possibility to observe low FRET value for Long-4WJ 
DNA than 4WJ DNA.  
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Figure 4.9 Dynamics of PCNA diffusion on DNA substrates 
(A) Representative FRET trace for 4WJ DNA coated by RPA1. (B) FRET histograms for 4WJ 
DNA w/o RPA1. FRET peak shifts to the lower FRET region when ssDNA is coated by RPA1. 
(C) Cross-correlation analysis for 4WJ DNA w/o RPA1.  Only fast motion component left when 
ssDNA is coated by RPA1. (D) Representative FRET trace for Dig-T30. (E) FRET histograms 
for Dig-T30 and 4WJ DNA coated by RPA1. Their shapes are very similar. (F) Cross-correlation 
analysis for Dig-T30 and 4WJ DNA coated by RPA1. No slow motion component detected and 
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the time scales for the fast motion component are comparable. (G) Representative FRET trace 
for 4WJ DNA in the presence of ATPS. (H) Cross-correlation analysis for 4WJ DNA in the 
presence of ATPS. (I) Auto-correlation analysis for Cy5 directly excited by red laser (633 nm). 
(J) Lookup table for corresponding CC(=0) with different diffusion coefficients. As diffusion 
coefficient increases, CC(=0) monotone decreases. (K) Simulated FRET histograms of Dig-T30 
with different diffusion coefficients. (L) Corresponding experimental FRET histogram of Dig-
T30.  
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Figure 4.10 Ensemble experiment for PCNA loading 
20nM Cy3 PCNA, 50nM Cy5 4WJ DNA and 1mM ATP (or 200uM ATPS) were pre-incubated 
in the cuvette. After adding 80nM RFC, continuous FRET increase was observed in the presence 
of ATPgS. In contrast, little FRET increase was observed in the presence of ATP due to PCNA’s 
sliding off from the open end of the DNA.  
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Figure 4.11 Top-4WJ DNA w/o RPA1 
(A) FRET peaks shifts to the lower FRET region when ssDNA is coated by RPA1. (B) Cross-
correlation analysis w/o RPA1. Only the fast mode component left in the presence of RPA1. 
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Figure 4.12 Ensemble experiments with RPA1 
(A) Immediate FRET increase was observed when neutravidin (400 nM) was added before RFC 
(40nM) to block the duplex end of 4WJ DNA. (B) Little FRET change was observed when RFC 
(40 nM) was added before neutravidin. Only upon addition of neutravidin (400 nM), a 
subsequent FRET increase was detected.  
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Figure 4.13 Simulations of 4WJ DNA coated by RPA1 with different diffusion 
coefficients 
Left hand panel shows the traces simulated with different diffusion coefficients (From 10
-17 
m
2
/s 
to 10
-13 
m
2
/s) and right hand panel shows the corresponding cross-correlation analysis, which is 
calculated by 50 simulated traces on the left hand side.   
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Figure 4.14 Real time PCNA loading by RFC 
(A) Representative traces of the loading process in present of ATP. A corresponding FRET 
increase was detected when using 4WJ DNA as the target. (B) Representative traces of the 
loading process in present of ATPS. No obvious FRET change could be detected. (C) Same as 
the loading experiment A, except that Bottom-4WJ DNA was used as the target. A FRET 
decrease was observed instead. (D) Histogram of number of molecules that didn’t finish the 
loading vs dwell time, for 4WJ DNA. (E) Histogram of number of molecules that didn’t finish 
the loading vs dwell time, for Bottom-4WJ DNA. 
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Figure 4.15 Real time replication by PolB1 visualized by PCNA motion 
(A) Schematic of the DNA synthesis by PolB1-PCNA complex. (B) Representative time trace of 
DNA replication triggered by 100 M dATP. (C) Histogram of number of molecules didn’t 
finish the replication in present of 10 M dATP. (D) Histogram of number of molecules didn’t 
finish the replication in present of 100 M dATP. (E) Replication rates at 10 M dATP, 100 M 
dATP and 10 M dATP + RPA1. DNA synthesis is faster with higher dATP concentration, 
however, RPA1 could not significantly accelerate or decelerate the polymerization process for 
short poly(dT) fragment. (F) Zoomed in dynamics for DNA replication process.  
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Figure 4.16 Representative traces for the replication of PolB1-PCNA complex. 100uM 
dATP was added to initialize the reaction. 
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Figure 4.17 PolB1 cannot hold PCNA onto DNA substrate 
20nM Cy3-PCNA, 40nM Cy5-4WJ DNA and 1mM ATP were pre-incubated in the cuvette 
before t=0. A little FRET increase was observed after adding 100nM PolB1 (Purple line). The 
significant FRET burst, corresponding to the successful PCNA loading, could only be detected 
by adding neutravidin (400 nM) to block the dsDNA end (red line).  
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Figure 4.18 Dynamics of PolB1-PCNA complex 
(A) PolB1 cannot freeze PCNA from diffusion. 100 nM unlabeled PolB1 was added after 
loading of Cy3-PCNA. (B) Alternative experiment by incubating 1 nM Cy3-PolB1 with loaded 
unlabeled PCNA. Similar dynamics was observed.  
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Figure 4.19 Hypothesis of the lesion bypass mechanism 
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CHAPTER 5: Additional Works 
5.1 Introduction 
 Besides the biophysical application of TIRF imaging as presented in this thesis, the 
single-molecule imaging technology provides a useful platform for further technological 
developments. By adotpting new ideas from both optical design and statistical data analysis 
algorithm, we could explore technical improvements that may help us answer new types of 
biological questions.  
 
5.1.1 Light Dispersion 
 In optics, the group velocity is defined as  
     ( )
( )
c
v
n


  
Where c is the speed of light and n is the refractive index of the material which depends on the 
wavelength of light λ (65). Since the group velocity is a function of λ, light with λ has different 
refractive index in the same medium. The wavelength dependence of the material’s refractive 
index can be calculated by Cauchy or Sellmeier equations. In general, the following relationship 
holds for visible light in most of the transparent materials, 
      1 ( ) ( ) ( )red yellow bluen n n         
According to the Snell’s law, 
               1 1 2 2sin sinn n    
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After passing through a prism, light with different wavelengths will be bent into different 
directions (as shown in Fig. 5.1). Taking advantage of property of dispersion, light with different 
color could be continuously separated by a prism, instead of by a set of dichroic mirrors.  
 
5.1.2 STORM  
STORM is the short for sub-diffraction-limit imaging with Stochastic Optical 
Reconstruction Microscopy (66-70). It uses the photo-switchable properties of fluorescent dyes 
to stochastically image a single spot each individual time by turning the dyes on an off (66, 71). 
The data analysis algorithm is very similar to the imaging technique FIONA (Fluorescence 
Imaging with One-Nanometer Accuracy), developed in university of Illinois at Urbana-
Champaign (72). The spatial resolution of the conventional microscopy is limited by the light 
diffraction, which can be determined by the full width of half-maximum (FWHM) of the point 
spread function (PSF). The PSF in lateral directions can be roughly calculated by  
                  0.61xy
NA

   
Where NA is the numerical aperture and λ is the wavelength of the incident light (70). For λ=550 
nm and NA=1.4, the lateral size of PSF can be calculated about 200 nm and the axial width is 
around 500 nm (~ 2-3 times as large as the lateral size), shown in Fig. 5.2 (70). As long as there 
are enough photons detected, fitting of the single-molecule images can determine the center of 
the peaks with precision approaching 1.3 nm for FIONA (72) and around 20 nm for STORM (for 
cyanine dyes) (67).  
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5.2 Incorporation of Light Dispersion into smTIRF Microscopy 
 As many biological questions have been successfully solved by two-color FRET at the 
single-molecule level, the demand is growing for even more colors because more complicated 
biological system requires additional information for full characterization.  However, there are 
many difficulties in designing a multi-color TIRF by applying multiple dichroic mirrors: 1) the 
complexity of the optical paths results in a very crowded configuration and a system difficult to 
align; 2) the signal loss can be significant when the fluorescence signal passes through several 
dichroic mirrors; 3) it is also difficult for the data analysis due to the cross talk between 
individual channels. Therefore, the dispersion TIRF was designed as an alternative solution for 
multi-color purpose. Single-molecule spectrum resolution could be achieved as well. Therefore, 
the development of dispersion TIR enables potential application in single-molecule spectroscopy.  
 Fig. 5.3 shows the design of the setup. After the fluorescence emission collected is 
collimated into a parallel beam, it passes through a wedge prism, where the separation of 
different wavelengths occurs. As a consequence, the light with a shorter wavelength will have a 
greater dispersion angle (smaller z on the focus plane). The setup was tested by measuring the 
scattered light from a bead sample, shown in Fig. 5.4. The fluorescence pattern shifted down (z+) 
as the wavelength of the laser increases. Corresponding data extraction strategy and programs are 
attached in Appendix. A. Preliminary data were collected for both single color spectrum and 
two-color FRET (Fig. 5.5). Compared with the conventional TIRF, dispersion TIRF is much 
easier to be built and is absolutely universal to different number of colors, as long as the spectra 
of different chromophores can be reasonably separated from each other.  
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5.3 STORM Analysis of SNARE-Mediated Fusion 
 SNARE (soluble N-ethylmaleimide-sensitive-factor attachment protein receptor) is a 
large protein group with more than 60 members in yeast and mammalian cells (73). The primary 
role of SNARE protein is to mediate the vesicle fusion (74-78). According to their compartment 
distribution in the cell, SNARE can be classified into two types, v-SNARE and t-SNARE. The 
former is incorporated into the membrane of the coming vesicle, while the latter is in the target 
membrane (Fig. 5.6). The composition of the SNARE is listed in the following table. 
 
 Neuron Yeast 
v-SNARE Synaptobrevin Snc2p 
t-SNARE 
SNAP-25  
Syntaxin 
Sec9 
Sso1p 
 
The formation of the trans-SNARE complex (composed three SNARE proteins anchored in 
opposing membranes) brings the coming vesicle closed to the target membrane and initializes the 
fusion process. The details of the fusion dynamics, especially how many syntaxins are needed to 
open the protein pore in neuron cell are still not clear (79, 80).   
In order to address this question, yeast Sec9c protein was labeled with Cy5.5, a 
spontaneous photo-switchable cyanine dye, for STORM imaging analysis. For sample 
preparation, v-vesicle was pre-immobilized on the surface as describe in previous study (81-83). 
After incubating with t-vesicle and 1M Cy5.5 labeled Sec9c protein at 37oC, real time movies 
were recorded by directly exciting the sample with red laser (633 nm). Interestingly, although the 
number of Sec9c could not be clearly counted due to the spatial resolution limitation, rice-shaped 
patterns ware discovered after STROM analysis. The random directions of the “rice” suggested 
that the shape was not due to the drift of our optical instrument. More experiments should be 
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carried on to confirm this preliminary data in the future. Technical details can be found in 
Appendix. B. STORM programs were written by C++ and Matlab. 
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Figures for Chapter 5 
  
Figure 5.1 Illustration of light dispersion 
(A) Optical pathway for a light beam passing through prism. (adopted from 
http://en.wikipedia.org/) (B) Different colors in the white light will be dispersed into different 
directions after passing through the prism. (adopted from http://en.wikipedia.org/) 
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Figure 5.2 Spatial resolutions of STORM and FIONA (adopted from ref. 72) 
(A) Theoretical lateral size of the PSF (point spread function) is around 220 nm and the axial 
width is around 500 nm. λ=550 nm, NA=1.4. (70) (B) The spatial resolution of STROM is 
around 20 nm (67). (C) The spatial resolution of FIONA is around 1.3 nm (72). 
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Figure 5.3 Design of the dispersion setup 
L1(f100mm) is responsible to collimate the light collected by the objective into a parallel beam. 
After been dispersed by the wedge prism, collimated beam will finally be projected onto the 
CCD camera by lens L2(f150mm). The motorized filter wheel is controlled by computer for 
calibration purpose. 
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Figure 5.4 Dispersion image of bead sample 
Scattered light of bead sample was collected by different laser excitations (10 degree wedge 
prism used).  As the wavelength of the laser increases, same fluorescence pattern shifted to 
downside (z+). Three dots formed a straight line when all the lasers were on. 
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Figure 5.5 Preliminary data taken by dispersion setup 
(A) Single-molecule spectrum measurement of Cy3 dye. Histograms were built at 100 ms 
resolution. (B) Two-color FRET measurement of Holiday-junction DNA. Donor and acceptor 
intensities were accumulated within ±3 pixels from the calibration center (see details in 
Appendix. A).  
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Figure 5.6 Schematic for SNARE-mediated neuron vesicle fusion (adopted from 
http://en.wikipedia.org/) 
Synaptobrevin is incorporated into the membrane of the coming vesicle (v-SNARE), and the 
syntaxin and SNAP-25 are in the target membrane (t-SNARE). The formation of the trans-
SNARE complex brings the v-vesicle closed to the host membrane and initializes the fusion 
process.  
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Appendix A: Dispersion Data Acquisition and Analysis 
A.1 Data Acquisition Strategy 
 The data acquisition process of the dispersion setup can be divided into two parts. First 
part is the calibration process, which tells us where the fluorescent spots are. Second part is the 
data extraction process so that only those clean data without any interruption from adjacent 
molecules will be selected.  
 
A.1.1 Raw Data Calibration 
 Unlike the conventional TIR measurement, signals from different wavelength will be 
dispersed and we could not find a molecule within a small spot area, but a rectangular region.  
Therefore, for two color FRET application, following calibration strategy was adopted: 
1) 10-frame movie by green laser (532 nm) excitation is recorded in order to obtain the 
positions of the low FRET or donor only molecules.  
2) 10-frame movie by red laser (633 nm) excitation is recorded in order to obtain the 
positions of the high FRET or acceptor only molecules. 
3)  Long-time movie for the actually experimental data collection. 
A motorized filer wheel is placed between lens L1 and L2 (Fig. 5.3) and is controlled by serial 
port communication protocol to synchronize the corresponding band pass filter for step 1 and 2. 
The purpose of using band pass filter is to avoid the influence of dispersion to the shape of spots 
so that the spot shape we obtained in each case is almost round.  Fig. A1 shows the user interface 
of the calibration process. Spots collected by both lasers are combined in the middle frame. Pink 
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color is used to mark the spots with right dispersion distance from donor and acceptor, which 
suggests that they are from the same fluorescent molecule.  
 
A.1.2 Raw Data Extraction 
 After the calibration, the positions of all fluorescent molecules can be determined in the 
middle frame. However, only portion of the spots can be selected since some of them are 
overlaid with the adjacent molecules, according to the dispersion property. The criteria of the 
size and position of the rectangular region can be pre-calculated based on the dyes, which are 
going to be used in the experiment. In addition, the separation of two fluorescence peaks can be 
precisely control by choosing appropriate wedge prism angle. Green rectangular frames are 
marked out for the good molecules qualified for all the restrictions (Fig. A2). Subsequently, two 
types of data can be generated according to user’s demand, “.traces” or “.sms” (or both).  The 
former one shares the same format as our conventional setup to record only the total intensity of 
donor and acceptor; The latter one records all the information within the green frames as a 
function of time, so that people could reply the movie to investigate single dispersion spectrum 
for details.  
 
A.2 Matlab-GUI User Interface 
 The user interface was created by Matlab. Besides the upper panel responsible for the 
data acquisition and calibration, further data analysis panel was also incorporated in the program 
(Fig. A3). Some of the functions are summarized as following: 
a) Histogram plot together with the movie show in the interested molecule region. 
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b) Fluorescence time traces and FRET analysis as conventional data analysis program. 
c) Post background correction by subtracting the average of the last 50 frames after the 
photobleach of the dye.  
d) Real time movie reply function. The time point of the movie is indicated by the blue 
line in the time traces panel.  
e) Buttons to jump from individual molecules. 
f) Buttons to adjust the contrast of the image. 
g) Buttons to modify the number of the accumulated frames. Thereafter, people could 
generate a new dataset with higher signal to noise ratio by sacrificing the time 
resolution.  
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Figures for Appendix A 
 
Figure A1 Calibration interface 
Left hand side frame is for the donor calibration, while left hand side frame is for the acceptor 
calibration. Band pass filters are controlled by PC through serial port communication protocol. . 
Spots collected by both lasers are combined in the middle frame. Pink color is used to mark the 
spots with right dispersion distance from donor and acceptor, which suggests that they are from 
the same fluorescent molecule. 
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Figure A2 Raw data extraction 
Green rectangular frames are marked out for the good molecules qualified for the data extraction 
criterion. Frames overlaid with adjacent frames will be removed from the selection.   
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Figure A3 User interface of the software (please see the details in Appendix. A) 
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Appendix B: Regression 
B.1 Linear Regression 
Linear regression is a very widely used statistical technique. It models the relationship 
between one or more explanatory variables X (i.e., independent variables), and the outcome 
variable y (i.e., the dependent variable).  The most common linear regression posits that the 
conditional mean of y given X follows a linear form:  
y μ Xβ , 
where 
yμ is an 1n vector, n being the number of observations; X is the  1n p  matrix 
including a column of 1’s and  is the  1 1p   vector of regression coefficients. p is the number 
of predictors. This linear equation is called (linear) regression equation. An example is that the 
monthly premium of auto insurance (measured in dollars, y) can be modeled to be (at least 
partially) explained by driving experience (measured in years, X1) and the age of the car 
(measured in years, X2):  
0 1 1 1 2y X X     μ Xβ ,  
where 
1
2
.
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0
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
 
 
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β , p = 2. 0  is often referred to as the 
intercept, and 1 … p are slope parameters. k is interpreted as the increase in y that is inflicted 
by a unit increase in kX , 1,  2... .k p  
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The key issue in regression analysis is to obtain the regression equation. This involves 
two essential components: first, identifying a set of variables X1…. Xp that is instrumental in 
predicting y; second, estimating the regression coefficients β .  Here the focus is on the latter. 
Given y and X,  can be estimated using least squares methods. Least squares methods try to 
minimize the sum of squared residuals (SSR), the residual being the difference between the 
observed outcome y and the predicted outcome, i.e., yˆ , where ˆˆ
OLSy Xβ . Here 
ˆ
OLSβ stands for 
the ordinary-least-squares estimate of β . Mathematically,  
    ˆ ˆ ˆarg min 'OLS   β y y y y . 
We can solve for ˆ
OLSβ by taking the first order partial derivative of the SSR w.r.t 0 , 1 … p . 
This leads to  
1ˆ ' 'OLS

β X X X y .  
Other more involved estimation methods are also available, such as weighted least 
squares (WLS), and maximum likelihood estimation (MLE). The latter assumes normally 
distributed residuals.  
 
B.2 Generalized Linear Regression 
Generalized linear regression relaxes one of the key assumptions in linear regression, i.e., 
the conditional mean of y given X follows a linear form. In contrast, it assumes that the 
conditional mean of a one-to-one transformation of  y, denoted by h(y), is linear in X. For 
instance, when  expy a bx , we have  ln y a bx  . So even though y itself is not linear in x, 
ln y is.  
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To establish the regression equation, we have  
1ˆ ' ' ( )OLS h

β X X X y . This way instead 
of ˆˆ
OLSy Xβ , 
ˆˆ( ) OLSh y Xβ . Since one-to-one transformation is assumed,  1 ˆˆ OLShy Xβ .  
 
B.3 Nonlinear Fitting 
B.3.1 Fitting a Bivariate Normal Distribution Using Maximum Likelihood 
Linear regression (and transformed nonlinear regression) can be viewed as fitting a 
straight line through a cloud of data points. Different ways of estimating the regression 
coefficients, such as ordinary least squares or maximum likelihood, can therefore be considered 
different approaches to perform linear fitting.  
Fitting a bivariate normal distribution to a cloud of data points is clearly nonlinear fitting. 
Each observation  ,i ix y  is independently and identically distributed (i.i.d) as follows:  
   , ~ ,i ix y N μ Σ ,  
where 
x
y


 
  
 
μ , 
2
2
   
  
x xy
xy y
 
 
 
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 
 
Σ , and xy x y   .  is the correlation between x and y.  
Given n pairs of observations  1 1,x y …  ,n nx y , the maximum likelihood estimates for the 
bivariate normal parameters can be found as follows:  
ˆ
x
y
 
  
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and  
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Here x and y are the sample means of x and y, respectively; xy x ys rs s , where r is the sample 
Pearson correlation coefficient between x and y, and xs and ys are sample standard deviations of 
of x and y, respectively. Therefore, fitting a bivariate normal model to the data simply involves 
obtaining the sample means, standard deviations and Pearson correlation (Fig. B1).  
The linkage between fitting a bivariate normal distribution to regression can be shown 
below. The conditional distribution of y given x, assuming bivariate normaility, is as follows:  
   2 2| ~ , 1yi i y i x y
x
y x N x

    

 
   
 
. 
Defining 
0 1y x     , 1
y
x

 

 , and  2 2 21y    , we reach  
 20 1| ~ ,i i iy x N x   , 
which is exactly the simple linear regression of y on x, assuming normal residuals. 
 
B.3.2 Nonlinear Fitting Using Least Squares 
It is not uncommon that we cannot find closed form solutions when we fit a function of 
complicated parametric form to the data. In that case, iterative algorithms can help identify the 
parameter estimates. A nonlinear least squares fitting is introduced next.  
If x and y follows that  ;i iy f x θ , where  1 2, ,..., 'p  θ represents that the parameters in 
the functional form of y given x, we can solve the set of n equations to obtain θˆ . Define a 
provisional estimate of θ to be 0θˆ , and the  0ˆˆ ;i iy f x θ . The residual between iy and ˆiy is 
denoted as idy . Understandably , it is desirable to have idy as close to 0 as possible for best 
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fitting. As a matter of fact, it is desirable to have 1 2( , ,... ) 'nd dy dy dyy as close to 0 as possible. 
The change in 0θˆ that leads to the desirable reduction in dy can be obtained as follows:  
d dy A θ , 
where 
0 0 0
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.  
In the end, dθ can be obtained by:  
 
1
'd d

θ A A A y . 
Then we can update the provisional estimate of θ  by taking dθ  from 0θˆ . By doing this 
iteratively until certain convergence criterion is met (e.g., the change between two adjacent 
iterations, dθ , to be sufficiently small), the final update ofθ  estimate is taken to produce the 
best-fitting function. The SSR is equal to 'd dy y after the final iteration.  
In the STORM study (66), the function of interest is: 
 
2 2
0 0
0
0 0 0 0
0
1 1
, exp
2 2
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x y
x y
x x y b
I x y c I dxdy
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x x x x y y y yab
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 
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          
 
 
According to the algorithm above, we need to obtain the first-order partial derivatives. They are 
provided as follows: 
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Then following the iterative algorithm described above, we can obtain cˆ ,
0Iˆ , aˆ , bˆ , 
0xˆ and 0yˆ . The function is therefore fitted.  
The fitting program for the STORM application was written by C++. Further data 
analysis and visualization program was written by Matlab. Code is not attached due to space 
issue.  
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Figures for Appendix B 
 
Figure B1 Gaussian fitting of the data generated by C++ regression program  
The center of the cluster was calculated by using the algorithm in Appendix B. The FWHM is 
around 0.3 pixel, corresponding to a spatial resolution ~30 nm.  
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